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PREFACE TO THE FIRST GERMAN EDITION 


The problems which aro^ to be Solved in the construction of 
apparatus for evaporating, condensing arid cooling, are inti¬ 
mately connected with the laws of th§ transfer of heat. 
.Although, generally speaking, these jjhysioal laws can be 
regarded as known, yet reliable knowledge of the practical 
coefficients, applicable in each of the many different cases, is 
often, waiiting# Without these’coefficients the constructing 
en^neer cannot work. Numberless expeiamedts have been 
conduct^ by more or lass competent observers’to supply this 
want, but their results are scattered through the litera^re, 
were often obtained only for very special cases, and occasion¬ 
ally without regard to all the prevailing oonditionf. Many 
have been 'feep*^ secret by their discoverers as valuable prizes. 

The very excellent*work published by Professor Molier at 
instance of the Ferein deutscher Ingmieure in the Zeitsohrift 
des Vereines deutscher Ingemeure-, 1897, No* 6 and 7, in which 
the present condition of our knowledge of these relations is 
very clearly displayed, does not give figures directly applicable 
in practice, which indeed was not its object. 

For this purpose new experiments on the large scale are 
necessary, which shall take into consideration all the working 
conditions, and, in particular the absolute dimenffons of the 
heating surfaces. Recently the Vmin dmUeher Ingendewre has 
turned its attention to this que|tion. Its competence»an(f 
ample funds permit us to anticipate.the best success. 

In the construction of evaporatfng and cooling apparatus 
other questions arise, which at present aannot be answered by 
a knowledge of the processes based on accurate mjsfs^-sidM 
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researches—^lor jxampll, as to the pressures eXerled by rarefied 
and isompressed‘gasses and vapours on floating drops, the resist¬ 
ance duf to th^ friction of rarefied vapours iJ wide pipes, etc. 

It is very desirable that these ga^ should at once be filled 
by orderly ani^ reliable researches available for the requirements 
of the whole industry. 

But before these wishes canibe fulfilled, all varieties of,, 
apjaratus of this order must be built, and since to the author’s 
knowledge there is no bopk in which, so far as it is possible, 
most of the questions and conditions <:elating to evaporation (in 
particular, tlie chief dimensions of the apparatus and the effi¬ 
ciency to be %nttoipafed) are treated in a connected manner for 
practical purposes, hn attempt to supply the deficiency has beer, 
made in the following ])agea 

In this task the generally available material, also very valu¬ 
able communications from well-disposed friendj, ai.d, finally, 
the experience and* experimental results of long practice, have 
been employed! 

lies in the nature of the circumstances indicated above 
that mu^ of these explanations must have a hypothetical 
character, which the friendly reader must remember. 

Lack, of time will often prevent an engineer Vho is not 
quite ait home in this branch from seekfng, by a long study of 
the literature, the examples which axe at once required, and from 
making long caloulStions. On this account, wherever it ap¬ 
peared advisable, tables have been introduced, which contain 
easily ascertained answers to certain definite questions arising 
from many cases. These tables also have the advantage of 
affording a clear insight into the alterations produced by varia- 
ricas in the.d^a of the-problem, which advantage constructors 
knovv well how to prize; 

In view of the extreme variety of the apparatus and machines 
, ftsedsh'-the industry, the constant and rapid changes of its re¬ 
quirements, and also its ifapid progress, | complete treatment of 

possible oases canndt well be attained. 

, The constant motive in writing this treatise has been the 
:desi»‘'tcf provide as oomplete and reliable ^sistance as possible 
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PEEFACE TO THE SECOND GERMAN 
EDITION 

A SBCOND edition of this worK has become necessary in so 
^hort4a time after the, appearance of the first, that there has 
been no opportunity for extensive alterations.’ 

Apart from small corrections, •which arise in part from 
friendly criticisms, the present edition is an unaltered, reprint 
of the first. May this also participate in the favourable recep¬ 
tion offered to the former. 


Ebblih, April, ISOOf 


THE AIJTHOB. 



TRANSLATOR’S PRBFACE. 

Thb peed for a book of this nature, wbicb is sufficiently 
indicated in tfaff author’s preface, is perhaps not less in 
England than in Germany. It may therefore be permissible 
to hope that the translation will approach the success of the 
original. A pufnbdr of misprints contained in the German 
edition have been removed and the proof-sheets have been 
submitted to the author^ who has made certain additions 
and corrections. I trust therefore that the book may be 
found reliable an^ accurate. 

A. C. WEIGHT. 

Dtcmbtr, 1902. 


PREFACE TO THE SECOND ENGLISH EDITION. 

A NTJMBEE of arithmetical and printers’ errors have been cor¬ 
rected and conversion diagrams have been appended by means 
of which the quantities in metric units may be readily converted 
into British units. In using the tables given in this book for 
opractical problems, it should be remembered that in many of 
the tables a larger number of significant figures is given than 
the fftft^ulsB upgn which they are based can justify; in most 
practical calculations three significant figures are all that can 
be relied upon and that should be employed. 

Octob^, 1 ^ 16 . 
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•6 

■ 6 * 

*^•236 

•2 

2 

20 


7-87 

•007 

■07 

•7 

7 

■276 

•8 

3 

so 


U*81 

•008 

■08 

•8 

8 

•315 

•4 

4 


400 

18*76 

■009 

■09 

K1 

Kl 

•364 

•6. 

5 

50 

600 

19-69 

•01 

•1 

HI 


•394 ■ 

•6 

6 

60 


23-62 

•02 

•2 

19 


•787 

•7 

7 . 



27*66 

•03 

•3 

3 

30 

1-181' 

•8 

8 

• 80 

, 800 

81*60 

•04 

•4 

4 

40 

1-576 

•9 

9 


900 

35-43 

■05 

•5 

5 

50 

1'968 

1 

10 

100 

1,000 

89-87 


Weight. « 

1 gramme » 15*44 grains, 
grammes — 1 oz. avoird. 
kilogramme ■> ^,000 „ = 2 * 20 avoird. 

Length. 

1 metre 100 centimetres =* 39*37 inches. • Roughly speaking, 1 metre « a 
yard and a tenth. 1 centimetre - two-hiths of an inoh. 1 kilometre 1,000 
metres ~ fiTe-eighths of a mile. 

VOLDME. 

1 cubic metre » 1,000 litres — 35*82 cubic leet. 1 litre « 1,000 cubic cent!' 
metres == *2202 gall. 

Heat. 

1 calorie -■ 8*96 Britisk thermal units. 


COMPARISON BETWEEN FAHRENHEIT AND 
CENTIGRADE THERMOMETERS. 


c. 

F. 

B 

F. 

c. 

F. 

c. 

F. 

C. 

F. 

-25 

■M 

5 

41 

25 

77 

65 

149 

105 

221 

-20 

mm 

8 

46-4 

30 

86 

. ™ 

158 

110 

23P 

-17 

1-4 

10 

60 

35 

95 

76 

167 

116 

, 

-15 

5 

12 

63-6 

40 

104 

80 

176 

120 

• 248 

-10 

14 

16 

69 

45 

118 

85 

18& 

126 

267 

- 6 

28 

17 

62-6 

60 

122 

90 

194 

130 

266 

Hi 

32 

18 

64-4 

65 

131 

95 

203 

135- 

276. 

m 

83-8 

20 

68 

60 

’ 140 

100 

212 

140 

' 284 


by 9. 


To Convert 
Degrees G. to 
Degrees P. to 


F., multiply by 9, divide by 6 , then add 32. 

C., first subtraot 32, tlwn myltiply by S ,jnd divide 

[See als« Appendix.j 
III* 






















SYMBOLS AND CONTRACTIONS. 


Atmos. » atmospheres. 

ai - volume, in litres, of 1 kilo, of air. 

a = coefficient of expansion of air. 

B - .height of the barometer in metres 
of water. 

b height of the barometer in mm. of 
mercury. 

S' = thf rati^^ 

_ ^Beful v ol ume of the air»pamp 
*■ volume of vessel 

C — calories. 

C'c — „ iu condensing. 

Cf ,. „ heating. 

(% — , „ cooling. 

Cl = C, f C, calories removed by air. 

C, ^ calories in evaporating. 

C/, Cyy. C’y/ji Ctr - losses of heat, in 
calories, by the elements of the 
quadruple-effect evaporator. 
c = total heat iu 1 kilo.of water vapour, 
c,, C 2 , c-,, c. = heat in 1 kilo, of steam in 
the elemetits of the quadruple 
evaporator. * 

Dia. = diameter. 

1) s: weight of steam, in kilos. 

D, total weight of extra steam in 

the multiple evaporator. 
d = diameter in metres. 

A diameter of the condenser, 
d - thickness of a plate of metal 
film, ]ct or drop of water, in 


mm. 

, . y, dead space 

; the ratio - 


of 


'useful volume 
the air>pump. | 

» weight of extra sfeam, in kilos., 
withdrawn from the elements 
of the multiple-effect evaposa* 
tor. 

s: weight of ice injtilo^. 


17 -5 c*spcn,,m |nm., to wnich heat 

penetrates int^ a body of water. 
F ~ weight of a liquid, in kilos. 

• - „ of the cold liquid. 

Fu, *■ „ of the warm liquid. 

<? =: „ of a drop in kilos. 

g = occloration due to gravity. 

=■ weight, in kilos., of 1 cubic metre 
of steam. 

yi = weight, I'n kilos., of 1 c. metre of 

* air. 

H = heating or cooling surface in sq. 
metres. 

II s= height of the water-barometer. 
a, = cooling surface l5t condensing. 

Ji heating surface for warming. 

7i^ cooling surface for cooling. 

H, - heating surface Mr evaporating. 
h - vertical height (fall) in metres. 
k » head of water. 
ht height of splash of evaporating 
liquids. 

J = space traversed by the piston of 
the air-pump. 

i volume of a mass of water, in 
cub. mm. 

k -coefficient of transmission of 

heat, for 1 sq. m., 1 hour, 1° C. 

K coefficient of transmissmn of 

* heat in condensing. ** 
k,^ coefficient of transmission of 

heat iu beating. 

k|t coefficient of transmission of 

heat in cooling. ^ • 

'k, »coefficient of transmission of 

heat in evaporating.' 
ky* * coefficient of transmi^ion of 

heat betweSn air and steam or 
, water. 

kilo. ssIfUogratn. 

L — weight of air iD»kno 8 . 

xni 



oo 


XXll 


stolbuls and contractions. 


I ae leAgtli in metres. 

I « „ of fail-pipe in metres. 

A »coeffi^nt of conduction of 

• heat. • 

A « coefficient of friction in tubes, 

m. 3x metre. ^ 

mm. » millimetre. % 

n » number of holes in the per¬ 
forated plate. 

« surface in sq. metres. 

~ of a mass of water in 

• eq. mm. 

B pressure in kildS. 

= „ „ ,, per sq. cm.* 

» „ of the atmosphere. 

« final pressure in the vessel. 

- pressure in* the air-pu^np after 
n half strokes. * 

Po = the low^t pressure which the 
air-pump can create. « 
j>< =a pmssure in the air-pumi^ after 
equalisation of pressure. 

Pg. =c pressure in the air-pump after 
an infinite number of strokes. 

Q s- section or plane surface in sq. 
m. 

g »■ section of a pipe in sq. cm^. 
r = percentage of solids in a liquid, 
f], fj, r,. = percentage strengths of 

the liquor in the elements of 
the quadruple effect, 
fu = percenfage strength of the eva¬ 
porated liquor. 

sq. cm. » ^uare centimetre, 
sq. dern. = decimetre. • 

sq. m. = „ metre. 

I » space traversed by a falling body 
in m. • 

itf « specific gravity of steam at con¬ 
stant pressure. 

S/ » specific gravity of the liquid. 

Sw s: space traversed by a dmp under 
the action of a force. 
ip =* space traversed by a drop under 
‘ the action of the force P. 

<Td =^8pecific heat of steam. ^ 

^ M M ice- 

ff/i *= M »* .< a liquid. 

s „ „ „ Q second liquid. 

(T e ,, „ ' „ air at constant 

• pi^tture. 

ert =B specific heat of the cold liquid. 

O’* *“ * »* *» »’ »♦ ’» 

(Tv « ,, „ „ air at c<m8£a&t 

volume. • 

T B absolute temperature. 
i « tezzqpttr^ture in *0# 


ta 

t 

td 

f/«f 

ha = 

h« = 
= 

ika — 

= 

ia - 

^J» 

<r = 

ttk — 
Up = 


temperature at commencement. 
M „ end. 

,, ai steam. 

,, liquid. 

- „ „ „ at the com- 

xxfencement. 

temperatutn of liquid at the end. 
„ ,, the cold liquid. 

• »t ». >♦ hot ,, 

% • M M •• air at the 
commencement, 
temperature of air at the end. 
mean temperature, 
temperature of the cold liquid at 
the commencement, 
temperature of the cold liquid at 
the end. 

temperature at the bottom of the 
evaporating apparatus. 
h,i h* — temperatures of the 
steam in the elements of the 
quadruple effect, 
mean increase in temperature, 
mean increase in temperature of 
a jet of water. * ^ 

moan increase in temperature of 
a drop of water. 

mean increase in temperature of 
a water surface (sheet), 
temperature difference. 

„ „ at the com¬ 

mencement. 

^ temperature difierence at the 
end. 

: mean temperature difierence. 

» M M ip 

condensing. 

> mean temperature difference in 
cooling. 


I ^21 — mean temperature 

difierence^ in the elements of 
the quadruple effect. 

U » the residual weight of an evapo¬ 
rated liquid. 

Va - volume of the “ equaliser ” chan¬ 
nel oi the air-pump. 

Yd = volumes of the steam in litres. 

Vf *= „ „ liquid „ „ 

Ygf ^ „ „ „ steam and liquid 

in litres. 

Vq ss volume of a vessel in litres. 

*V, = „ „ the air. 

F*. « „ „ dead spaces of th^ 

pump. 

F« = volume of water in litres. 

V • ss velocity in metres. 

Vd It of the steam. 



SYMBOLS AUD 

ss velocity of a liquid, 
as „ „ second liquid. 

Vj = » M 

Vf = *1 M ft drop. 

a )i H water. % 

IT s weight of water in kilos. 

V) as the weight ofVater evaporated 
by 1 sq. m. of heating surface. 


CONTSACTIO^S. xxiii 

■i 

as loss of pressure of steam in pipes. 

Si = M 

ah s time in hours. 

a, = „ „ b'econds. 

Xr, » volumetric efiicienoy of the air 

pump (adiabaoic). 

Xv, » volumetric efficiency of the air- 

o pump (isothermal). 




OHAPTEE I. 


THE COEPFIOIKNT OP TRANSMISSION OP HEAT, k; AND THE 
MEAN TEMPERATURE DSPPERENOB, 

The unit of heat, the calorie, is the quantity of heat required to heat 
1 tilo. 0 ^ wator through 1° C. The necessary nunjber of units of heat, 
or calories, in each ease will be represented in what follows by the 
symbol C. 

The coefiiciont of transmission of heat is the figure which gives 
the number of units of heat (calories) which pass in one hour from a 
warmer to a colder fluid through 1 sq. m. of the partition (dr of surface, 
in case of dii-eot contact) when the difference in temperature between 
the warmei and col(iBr,Uuids is 1° C. This eoefficient is'represented 
by k. Without a knowledge of this quantity the calculation of the 
necessary heating and cooling surface in auj case is impossible. Its 
magnitude varies .greatly in different cases, but unfortunatoiy it has 
not been found for every case by exact experiment. It will be a part 
of our task to fix it for various conditions, according to known and 
reliabie data or on the ground of the author’s own observations, so far 
«s the present state of knowledge permits. 

It is generally assumed that the transmission, of heat through 
metal divisions between steam, gases and liquids, is proportional to 
the difference in temperature betwees the substances on each Side of the 
division or surface. However, the temperature of the substances |hem- 
selves is not always the same at all parts of a surface, for high pressure 
steam loses a portion of its pressure and temjierature towards the epd 
of the surface; gases or- liquids in motion, Ijeati'ng or jjpif^ heated, 
enter. co(jl and leave hot. 



2 ‘ EVA^Ol/VTING AND CONDENSING APPARA'/ijS. 


^ I 

In calculations only otu temperature can be used and that is thtf- 
mean ; hence it is necessary to ascertain what is the mean difference 
in temperature in, each case between the heatinj,' and the heated sub¬ 
stance. The mean temperatui’e difl'erenoe is not perhaps always the 
arithmetic ihean of the least and greatest temperature difference, that' 



is only approximately correct wlien the least temperature difference 
is at least half as large as the largest. Thus, in general, the arithmetic 
mean between the smallest and largest tompeiuture differences cannot 
be taken as the correct mean temperature difference. 



Let denote the initial temperature, the final temperature of 
the warmer liquid; and 4. the initial, <», the final temperature of the 
colder liquid. Then four separate oases may occur;— 

]. The warmer liquid has a constant temperature 
and &e colder liquid changes from to 4, (Fig. 1). 

2. The colder liquid has a constant temperature = and 
tbs hot^r liquid ohanges.from to (Fig. 2). 





THE MEAN TEMPEBATUBE DIPFEEillNQjJ. 3 

3. Both liquids change in temperature; they flow parallel to one 
another over the two aides of the hot surface (parallel currents); 
changes to t„, and ij, to (Fig. 3). 



4. Both liquids ohange in temperature; they flow in opposite 
• direotion.s ovir the hot surface (opposite"cwrents); the lemperatures 
change as in 3 (Fig. 4). 



The mean difference in temperature betm’een the liquids is then, 
according to Grashof, Tlieoretische Maschinenlehre I. 

.(1) 

log- - 

a.e„=--Y^ "•.''v2) 

f'ne *'* • 

a rt aAA 

• = T* - 1 - fJ) 

4. d = (^»» ~ ^*«) ~ ~ ^««) _ ^ ^ 

.* 
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EVAfOIllTING AND CONDENSING APPAEATDS. 


If 5, •• the difference in temperature between the two liquids at 
‘the commencement, and , 

6 , - the difference in temperature between the two liquids at 
the end, ‘ 

then it may at «noe be seen, by a glance at the? four diagrams (Figs,* 
1-4), that the four equations ntf,y be wsitt^p:— 




Tlie equations thus all,-educe to the same form, so that the deter¬ 
mination of the mean temperature difference for all oases is considerably 
faoilitited. 

Now we may evidently express the smaller difference in tempera¬ 
ture as' a .fraction or percentage of the larger. If wo suppose the 
larger temperature difference to be which is manifestly permissible, 
and the smaller 0„ then 


9 .- 


and the equation applicable in all cases then reads 


■(^ - Ifio) 


u By means of equation (10) we can obtain the mean difference in 
temperature between two fluids, each of which is occupied in 
modifying the temperatiirq of,the other, if tne largest difference in 
temperature af their first contact, 6„ and the smallest difference in 
teoiperafure at the end of, contact, 6„ are known, by first determining 
what percei>tage of 6„ is the differepce 6,. 









0 


x«LCi wii&n 

Example.—la an oposits onmnt condenser ibn cold Uqnid e&ecs at 
« 10° C. and learee at in, = 80° Q. The hot Uqijid enters ai 100° C. and 
leaves at t|* ss 60° C.f what is the mean dlfleronoe in temperature »*? , ' 

The largest diSerence in temperature is (. 60° - }0*<x i0°; tits, smallest 

difeiene* in temperature is t, MOtf ■<- 80° » SO''; thus 


t, is 


Iflb X 20 

40 , 


= 50 per cent, at orp =■ 50. 

• e 


Then )m 



1 g WO O^SM 
.50 


28'85° 0. 


In Table 1 are given the value§ of the mean dillerenoe i,n tempera 
ture 0,„ for the oaso that the largest differetme in tem'^rature 6,-1 
and the smallest 0, = 0'016„ to I’OOS... In any individual case, in 
order to find the correct mean temperature difference, it is only 
necessary to multiply the proper figure of»column 4 by the greatest 
temperature difference of the paj’ticular case. 


, xn'i mean cimerence m temperature of two. fluids in motion, 
engaged in an exclumgc of heat, may alsd be obtained in the following 
manner:— 

If we conside.r the whole heating or cooling surface (surface of 
separation) diveijil into n part.s, in suoti a manner that the moving 
fluids ai'e m contact with each part during an equal time (the rath part 
of the wliolo duration <tf contact x), theti thef increase in femperature 
of the coldci fluid is directly proportional to the difference in tempera¬ 
ture in each division. 

It, in the first division, during the time — at the temperature 

difference 0.„ this difference is diminished by the part then in 
the second division the dimiuutioii of the difference in temperature 
will be 

= W. ~ = ®^a(l - ®).(11). 

In the third division the decrease in the teraperaturd difference will be 
^2 = 6, - x9a - »S„(1 r x) = x9,{l - xf . (M) 

Similarly, in the fourth, 

ffg = x9,(l - . (13) 

and in the last or rath layer • 

= x9,(l - s)"-' . . . ^ 
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EVAPORATING AND CONDENSING APPARATUS. 


Since in each division the increase or decrease of temperature fs 
always only a fraction of the total difference, it {ollows that in the 
last division only^ part of the still remaining difference in tempera¬ 
ture will be removed, so that complete equalisation of the tempera¬ 
tures of the' twa fluids cannot occur according to> this finite conception? 

If we suppose that the fin},l difference ^n temperature between the 
liquids is 6„ then 6, - 0, is the sum of/.Ijediminutions of tlie tempera¬ 
ture .difference produced in the n divisions. Thus 

’e,-9,= xe.{l + {l-x) + {l- - :rf + . . . + (1 -(15) 
or, summing the geometrical progression, » 

e. - V. ^{(1 - xY - J1 ;f|(l - XY - 1} (1 - X)" - 1 ,,,, 

e, “ “ -X -1 


therefore . 6, 

r i;: = 


(J7)' . 



■ (Ih) 


The figure x (always a proper fraction) gives the fraction of 0, by 
which the temperature difference has been diminished at the end of 
the first layer. 

As W'ill be seen later, there is a reason for ascertaining the valuo 
of (1 - x) ahd for knowing the temperature difference even at the end 
of the first layer. These values are accordingly given in Table 1, 
columns 2 and 3. • 

The value of 0, may be expressed as a percentage of 6„ thus in 


Table 1 the figures are given for — under the assumption of re = 100 

layers, which affords a very close approximation to reality. 

After finding in this manner the diminution in the difference of 
temperature in the first layer, x9„, it is necessary to find the average 
temperature diffprence between the fluids during the whole period of 
the transference of heat. 

At “tlja commencement of tile uppermost layer the temperature 

difference = . . . . (20) 

„ „ ' „ „ „ next lower layer the teinpera- 

• tme difference = 

.( 21 ) 
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THE MEAN TEMPERATUEE DIFFKREn6e. 


Table 1. 

The Mean Temperature Difference, 6„, between two liquids (or be* 
tween steam or air and liquid), which altei; their temperatures 
during the exchange* of heat. 


1 

2 

a. 

. 4 

. 1 

■2 

:t 

4 



• , 

\ 






1 - j- - 

X = 

Moan 



X - 

'^Mean 

% 



temp. 

6. 



^temp. 

Tr 

'a. 

' 

iiiit,, 

Sm. lor 

1 


• 


diff., 

for 

0.,'-= 1 

o-o(i2r) 

0-9400 

0-0000 

0-166 

0 20 

• • 

0-98404 

0-01696 

0-500 

0-005 

0-9482 

0-0518 

0-188 

0-21 

0-98452 

0-01548 

0-509 

0-01 

0-9500 

0-0450 

0-215 

0-»2 

0-i)8497 

0-01503 

0-518 

O-O'i 

0-9610 

0 03845 

0-251 

0-23 

0-98541 

0-01459 

0-526 

.0 03 ^ 

0-i)0554 

0-0314G 

0-2?7 

0-24 

0-98583 

0-01417 

0-535 

0-04 

0-96833 

0-0310? 

0-298 

0-25 

0-98(123 

0-01377 

0-544 

0-05 

0-97048 

0-02952 

0-317 

0 30 

0-98802 

0-01198 

0-583 

0-06 

0-97220 

0-02773 

0 335 

0*35 

0-98957 

0-01043 

0-624 

0-07 

0-97370 

0-02021 

0-352 

0-40 

0-99088 

0-00912 

0-658 

0-08 

0-97500 

0-02494 

0-368 

0-45 

0-99205 

0-00795 

0-693 

0-09 

0-9ri>21 

0-02379 

0-378 

0-50 

0-99309 

0-80691 

0-724 

o-io 

0-97721 

0-02276 

0-391 

0-55 

0-99404 

0-00596 

0*756 

Oil 

*97817 

0-02183 

0-405 

0 60 

0-99491 

0-005p9 

0-786 

012 

0-97902 

0<*2098 

0-418 

0-65 

0-99570 

0-60430 

0-815 

0-13 

0 9i98i» 

0-02020 

0-430 

0-70 

0-99644 

0-00356 

0-843 

0-14 

0-98053 

0-01947 

0-440 

0-75. 

0-99713 

0-00287 

0-872 

0-15 

0-98132 

0-01808 

0-451 

0-80 

0-99777 

0-00223 

0-897 

0-16 

0- 8184 

0-01816 

0-461 

0-85 

0-99837 

0-00162 

0-921 

0-17 

0-i»8244‘ 

0-01756 

0-466 

0-90 

0-99895 

0-00105 

0-963 

0-18 

0-98300 

0-0170] 

0-478 

0-95 

0-99949 

0-00051 

0-982 

019 

0-98353 

0-01647 

0-489 

1-00 

1 -00000 

0-00000 

1-000 


At the Cv'minenoement of the third layer the temperature differ¬ 
ence = @2 «- x)- (22) 

!, .. „ „ „ last layer the temperature differ- 

, ence = d„_i(l •(23) 

The sum of the temperature differences is thus 
A’ = ^.{1 + (1 - ») -I- (1 - «)■ + (1.- xy... + (1 - a:)"V} (24) 
and the man temperature difference is the wth parf of this sum. 


m - - ii 

- «{(i - 


• ‘(25) 







The reaults obtained by calculating' the mean temperature differ- 
ince by moans of ecpiation (ii?) are given in Table 1, column 4, and 
lilfer very little from those gfvon by equation (10). 





•OUAPTER II. 

PABALLIL AND OPPOSITE CURRENTS. 

Two liquids, gases, or vapours, oiio of which is to transfer heat to 
llie other, may be conducted either in the (girae or iu'opposite direct¬ 
ions over the surface of separation. If the two fluids move parallel 
• to one another in the same direction, the condition is known as that 
of “ parallel currents 

If, however, they move in opposite directions, the condition is 
thsit of ‘iopp<isite currents 

In the case of parallel currents, the fluid to be cooled has its 
liighest temperature at the commencement, the liquid to be heated 
its lowest temperature; at the end the reverse is the case. 

In the case of opposite currents the fluid to be cooled and also 
tliat to be heat ud have their highest temperatures at ofle end, and 
their lowest temperatures at the other. 

In all cases the qu 5 ,ntily of heat lost by tone fluid is'ex&ctly the 
same as that gained by the other. 

If F„ is the weight and cr„ the specific, heat of the originally hot 
fluid, F„ tlie weight and ir^ the specific heat of the originally cold 
fluid, and, further, jf and f„,„‘be the highest and lowest tempera¬ 
tures of the originally hot fluid and 4, and 4» the highest and lowest 
temperatures of the originally cold fluid, then, always, 

F^<r.U.i - tJ = - h») .... ^8) 

Thus the weight of cooling liquid, necessary to cool theweight 
F„ of the hot fluid from to is 

., F^i r {U - 1.,) 

In every definite case o-,, cr*, tu, ‘’-re known; thS out¬ 
flow temperature to, of the cooling liquid varies with its quantity, and 
this quantity is greater the lower is. 
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In’the case of opposite currents, the coolmg medium may noiv 
away at a temperature only slightly lower than the highest tempera¬ 
ture of tfiB hot fluid. In the case of parallel currents the cooling 
medium must always run off at a temperature lower than the lowest 
temperature of the hot fluid. Thus t,,is.always lower with, 
parallel than with opposite currents, accordingly it follows that, with 
parallel currents, much more’cooling ^quTd (generally water) must 
be used than with oiiposite currents. * 

similarly, in order to heat a cold fluid f* by means of a hot fluid 
F„, much more hot fluid must Jbe used^ with parallel than with 
opposite currents. 

In the oasebf parallel,currents the greatest difference in tempera¬ 
ture occurs between the highest temperature of the hot and the 
lowest temperature of the .cold fluid, the smallest difference iu* 
temperature between the lewost temperature of the warm and the 
highest temperature of the cold flind. The first-named difference is 
the greatest whiolyirises under any ooudifions, ttie soc»nd « always 
very much loss, which is also tlie case witli opposite currents. Sincj 
with opfiosite cuirents the highest possilile toraperaturo dift'erenec can 
never occur, it follows at once, hi general, that the mean difference in 
temperature is greater witli parallel than with opposite currents, and, 
consequeniry, tliat in the former case tlie iieoossary lioating or cooling 
surface may almost always he .smaller thau in the latter case. An 
opposite* current apparatus is thus always larger than a pariillel 
current apparatus, but is cheajier to work, and in particular, with 
similar materials, permibi the attainmeiil of higher tomperalnres in 
heating apparatus and lower temperatures iu cooling than is possible 
to obtain with parallel currents. 

Heating and cooling apparatus should always be constructed for 
opposite currents. 

^Tho following table (2) gives the dimensions of the hot surfaces 
necessary for cooling 100 Icilos. of ati aqueous liquid from 100 to 
60’, 40°, 30°, 20°,_and 15° G. by means of water at 10° C. The water 
is supposed to leave the parallel currents apparatus 5" below thj 
teEaperaftire of the cooled liquid, ^ind the opposite current app.U'atus 
at 80° C. (i.e., 20° below the temperature of the hot liquid). 

Let us now consider an opposite current apparatus, upon one side 
of which a liquid is cooled from 1005 to 10°, whilst on the other side 
a larger'fiuj.ntity of aqothor liquid of equal s^scific heat is heated 
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II 


Dimension8*ot the heating surfaces with parallel ami Opposite 
currents. 




Parallel Currents. 



• 

Opixiflite Currents. 





• 









% 






Final 
toiiip. 
of the 
cooled 
liquid. 

Final 
temp, 
of the 
coolin'' 
water. 

Quantity 

of 

coolin'' 

water. 

Mean 

iemp. 

diff. 

Cooling 

surface. 

Fiiiiit 
temp, 
of tlie 
cooling 
water. 

QuHntity 

f>f‘ 

cooling 

water. 

• 

Mean 

temp. 

(lifT. 

• 

Cooling 

surface. 

»c. 

'’C. 

[jiti'es. 


Si|. m. 

T. 

I, lire* 


Kq. m. 

50 

40 

140 

29'7 

0-7 

•go 

72 

2'J 

( 1-70 

40 

30 

210 

„ 

0-8 

80 

24-0 

O'OO 

30 

20 

111 ") 


OiO 

,, 

100 

20 

1-.30 

.20 

. 1.5. 

IlilKI 


1 -00 

,, 

IIO 

14'0 

2-20 

10 

12 

1250 

” 

MO 

• 

122 

10 88 

310 


from 5° to 5i)', llie, rales ot How of the two liijiiiils hoing cisistant 
but unecjiial, I’u;. o givo.s a representation of tlie proportion of 





Fin. 5. 


the sections of the cooling surface. In ordoi to cany ovei' equal 
ijuantilies of heat in each section, those sections, which lie between 
small differences in temperature, must be much larger than those 
which lie between largo differenoes in t(*i»])eralure. 






CHAPTKR III. 

AI'PAll.^'l'US FOR HliATINO WITU DIRECT FIKE. 

InstaiiLAtiohs for heating with a direct fire are descrilied in detail 
in many excellent works; in this place only a few important remarks 
will bo briefly recapitulated)* 

The weight of fuel burnt upon a certain grate in a definite time, 
the quantity of uso^l heat obtained thorefyom, and that*.vhioii passes 
through 1 sq. metre of the hot surface to be heated, the temperatures^ 
■of the gases produced—in fact alt the conditions, actions and results 
of a heating apparatus—are very variable, depending on the demands 
made upon it, the skill with which it is tended, and the quality ol the 
materials. This is the more true, the smaller the apparatus. 

Since there is no intention to treat of firing in detail, the data 
oolleotedfin Table 3 must be regarded merely aa useful landmarks. 

The quantity of heat passing in one hour through 1 sq. m. of boiler 
surface increases in direcUproportion with the difference in tempera¬ 
ture between the liquid and the flue gases, and also probably with 
■the square and cube root of the velocity with which the liquid and 
flue gases respectively pass along the wall. It diminishes, however, 
with the growth of the coating of soot and dust on the outside of the 
heating surface and of boiler-scale on the inside. 

^he ^mean diil'erence in temperature is naturally less, and the 
transmission of heat per hour through 1 sq. m. correspondingly less, 
the colder the flue gases leave the boiler, but the economy in fuel 
is then pi*portionately greater. • 

The true coefficients of transmission for this case are not yet 
known with sufficient accuracy; many and varied experiments (which 
are stall lacking) would be required to determine them. But a know¬ 
ledge of.Biese figures would not be of very great service, since the 
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conditions which hinder the transmission of heat are very numerous 
and variable, an^ cannot be accurately taken into account either 
before or'after construction. Thus it is necessity to be satisfied 
with applying the result* of practical observations. 

If k be the coefficient of transmission of heat, .which gives the 
number of units of heat (galosies) pas^ng through 1 sq. m. in one hour 
with the total difference ii» temperature, then we may reckon that with 
steam boilers k — 8,000 to 12,000 calories; in the mean, /; =.9,000 
calories. 

For heating surfaces, son whicR the liquid is not boiled, surrounded 
by the gases of combustion, k = G,000 to 10,000,calories; in the 
mean, k = 7,000 calories. 

In the case of very small boiler surfaces, transmission of 18,000- 
20,000 calories may occur, yet this high efficiency causes wet sleam, 
and does not generally res>ilt in economy of fuel. 

Besearches on the transmissum, of heat from flue ijases and air to 
water ifhich does not boil ‘have been performedMry Joule and Ser; 
’they show that the transmission is probably proportional to the 
square root of the velocity of the gases nr air, i)„ and that the 
coefficient i, tor clean wrought iron japes is approximately 

= 16 to k, -■.= 19 Vu,.(30) 

Having regard to the coaling of tlm heating surface jvith suh. 
stances which hinder the ti'ansmission of heat, which always occurs 
in practice, we shall assume tor this case the coefficient of transmission 

= 2 q-10 v'r,*.(31) 

in so far as it refers to pure air. If the licjuid is heated by flue gases, 
on account of the greater amount of coating in unfavourable cases, it 
is necessary to take 

/£, -■= 2 + 5 ._ . ^(32) 

In the mean, for this case, may be taken as abnu^ 13. 

By means of this figure the following small table (4) has been 
calculated; it shows how large th8 heating surface must uc in order 
to heat in the boiler-flue, in one hour, 100 litres of water from, 10” or 
15° to 80° or 130° C., when the flue gases reach the economiser at 
a temperature of 300°-400° C. and are there cooled to 150° or 300° by 
giving out heat. 
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EVAPORATING AND CONDENSING APPAEATUS. 


Table 3. 


The Properties of* 


W(ii"ht of 1 cob. m. - - kilos, j ; 

! 

Temperature of the flaine "0. 
Temperature wiCh a double 
quantity of air - - ”0. I 

« 

1 kilo, of fuel thepreki-1 \ ■ 
cally evolves j 
•Useful heat from 1 kilo, calories 
Theoretical quantity of loul^m. 

air for 1 kilo, of fuel/ kilos. 
Quantity of air required \ cub.m. 

for 1 kilo, in praatice I kilos. 
Theoretical vol-j ““b- at «" C. 
ume of gas ^ 
from 1 kilo. ) „ at 300“ C. 

Carbonic acid in tine gas - - 
Quantity biirntl kilos, per hour ' 
upon 1 sq. m. ■ 
of grate J average. 
Ratio of'Openings to total grate 
surface 

Thickness of the burning! 

layer f'“' 

Resistance to the draught I 
caused by the fuel j 

Ash.per cent, 

Isq.m.ofheatingsurfacel 
requires a grate of j • 

1 9^. m. of heating surface eva¬ 
porates kilos, of water per hour 
1 kilo, of fuel evaporates kilos, 
of water i 

Spued oigases ini 
flue jm. per sec. 

Sectien of flue - - - -sq^in. 
Section of chimrtey - - sq. m. 
Height of the chimney - -in. 
Te'mpersshre of the flue I, „ 
gases * / ■ 


Peat* 

Earthy 
Lignite. *» 

Coal, 

long flame. 

9 

O 

g 

ll 

•2Q0- 610- 

' 380 700 

740 

— 

2149 2357 

2595 

2664 

900- 900- 

1000- 

1000- 

1200 1200 

1300 

1300 

3550 4450 

6600 

7500 

1 per cent, of tlie theoretical 

4-04 4-88 

6-97 ! 

7-78 

5-30 6-34 

9-5 

10-8 

8-08 9-76 

13-95 

15-56 

10 60 12-68 

19 • 

'21-6' 

4-769 5-44 

j 

7-42 

8-20 

9-928 11 -44 1 

15-69 

17-24 


10-14 per cent. 


70- 

80- 

100- 

50- 

50- 

120 

120 

200 

120 

120 

100 

100 

150 

75 

75 

3 6 

H 

1.1 

4 5 

1.1 

2 4 

i-i 

250 

200 

150 

100 

100 

1-4 

1-4 

1-4 

5-12 

5-12 

1-1-5 

1-5 

5-10 

3-4 

3-4 


- 1 — 1 
IS 30 i 

iVaV 

30 SO 



15-20 kilos.; average, 

2-5-3-SI 1-5-3 1 2-4-5 15-5-1015-5-10 
3-4 metres per sec.— 

decreasing from 0-375- 
I of the grate j \ of the grate 
at least 16 metres, 
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Certain Fuels. 


Table 3. 




960 — 520- 194’' *793 785 928 0-34- 

570 0-45 

2688 2734 2774 2104 — — — ■ 2390 

t 

1000 - 1000 - — — —. — — —, 

1300 1300 

a 

7760 I 8110 7430 7750 7184 10000 — 13745 


€0-80 p.c. oE the thooretical 
8 04 8-49 I 7-441 8-01 

11-5 12-5 I 9-7 10-30 

1609 141-98*! 14-88 16-08 
23 25 il9-4 20-6 ’ 

•8-43 8-74 j 8-04 8-42 

17-71 i 18-38 ! 16-89 17-70 
10-14 per cent. 


10700 3500 

— 12 — 

— 16 — 


— 13-6 

— 27-5 


50- ! 

25-60 

30-80 

120 i 



75 • 

35-10 

60 

"a 4 

■2'3 

i-l 

100 

100 

250 

5-12 

— 

— 

3-4 

2 

5-6 

1.1 

50 

1 3*0‘^O 

1 1 

30 50 


2-5 — 

— Slra-w 


18 kilos. _ _ _ _ 

, water f ton 
00.100“ C. 

5-5-1015-5-101 4-5-8 — | 1-5-2^ 1-1-1 — - 

6 metres permissible—3-4 metres at the top of the chimney 

0-43 of the grate at the beginning to 0-25 4t the end . 

I of the grate | — | — |-vl — I “1 “ 

otherwise 25 times the diameter of the top ^ 

450“ . I _;i _ I I.- r - I - 


Water Gas. 
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EVlPOKATINa AND CONDENSINQ APPABATDS, 


Tabm 4. 

Heating surface,*fl, required to heat 100 kilos, of water in one hour 
in the boiler-flue from 10° to 80°-] 30° C. 


Water heated 

from to 

10° 

80“ 

10° 

100° 

10° 

110° 

10° 

120' 

10“ 

130°, 


TonijKjraturjs o^tho flue gases. 


‘rpHce, 

rlace, 


300" 

150" 

250" 

200 

400" 

250® 

450" 

300" 

176“ 

226“ 

268° 

329° 

3-()8 

2-39 

2-0 

1'7 sq. m. 

170° 

217° 

267° 

315’ 

4-07 

3-2 

2()5 

2-0 aq i]i. 

164“ 

213° 

261“* 

•312 • 

4-7 

3-6 

2-89 

2-43 sq. Ill, 

160° 

207° 

257° 

311° 

5-29 

4-12 

3-3 

2'70 sq. III. 

103“ 

206“ 

254" 

307 

6-():i 

4-48 

3-7 

3'0 j-(|. ni. 


Emmpk .—Tii order to boat 100 litres of water from to 100^ 100 tloO- Kb 
= 9,000 units of heat are retyuretl. Tho flue gases enter the eeonomiser at 1500 
and leave at 150" C., so that the temperature difference is at first 1100 - 100 - ‘ioo , 

• 140 

and at the end 150-10=140"; thus, in the mean, since -= 0 7, •= lO^'O 

(Table 1). Tho necessary heating surface is therefore 

,, 9000 9000 

«mAi “ ItitfO X 13 “*'■ “• 

Observation (J5eits. d. V. d. I., 1888, 438).—5,197 litres of water per 
hour were forced with a velocity of O’llS m. through six parallel iron 
pipes of,£l mm. internal diameter, which had a total heating surface 
of 315 sq. m. The water was heated from 48'6° to 180° C. by means 
of the* flue gases irom a mafine boiler, which were thereby cooled from 
338° to 149° C. 

“I’here'were transmitted 

'C = 5,179'(180-48'5)V 683,405 calories. 
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The initial difference in temperature was 

6, = 338° - 180° = 158°. 

The final difference in ^mperature was 

0, = 149° - 48-6° = J00-5°. 

Thus the mean differeute in-temperature, 0„ = 126°. 

The coefficient of transrrfiiwlon of heat was 

, _ C ^ 688,405 ^ j„.2 
' Hf,, 315 X 126 

The velocity of the t;ases over the pipes was abq,at 1-2 m., thus 
the calculated coefficient of transmission was 

= 2 + 10 Vl'2.= 13-0. 



CHAPTEK IV. 

THE iN.rEnTioN HP satuhPi'ed steam. 

Satuiutkd di,,,cfcly i„ject«,l, is used for 1,eating water, for 

di-stillmg low-bodmg l„,,uds (alcohol, methyl alcohol, etc.) and tor 
carrying over high-hoiling liquids. . 

If saturated steam ho Chuduoted into cold water, it liquefies and 
gives up Its heat to the ivater. Thq previous pressure of the steam 
is immatoria , singe it is lost in condensing. An almost .omplhte 
vacuum would he produced throughout the steam pipe, owim^ to the 
sudden disappearance of the .steam at the end whore it enters the 
water, did not the steam always contain air; since, however, this is 
always the case, only a tall in pressure in the pipe results. The water 
IS gradually healed hy the steam and may reach 100’ C , if it is under 
atmospheric pressure. If the water be under a higher pressure, as that 
of a column of water, it can reacli that temperature which steam of 
this pressure would have. 

Emmph'.-Tlw water in a clos.iil vessel iii the cellar ot a house 2I) ni hwh 
from which rises a pi,.,., 211 m. Iona (2 .rtmcspheivs, and tilled with w.ite; .m.; 
reach at he hot „,n the tempemtore of steam at a pressure of 2 atmospheres 
V., 120d, C ihc temperatnre of the water the lull pipe diminishes from 
lieljw uprds, a circulation takes place, the w.trm water rising mid the colder 
flm^ins down. The rising warn, water, as it aradually comes under less pressure 

Kives oH Its excessive heat hy fui'nimp steam. 

Thus Steam gives up it.s heat to water which is not boilin<r 
Mefymg and increasing the weight of water by its own weiwhT 
However, if the water boils, it evolves as much steam as is led 
into jt, and its tveight remains constant. 

1 kilo, of steam at atmospheric pressure has 6.37 calories. It 
the temperature ot the water is t,'each kilo, of steam brings to it 
(637 - f) calories. 
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To heat 100 kilos, of water at 0'' C. (taking its specific heat as con¬ 
stant) through • 10“ 20“ 30° 40° 50° 60° 70° 80° Sp°100°C. 
thereraustbeinjected 1-60 3'24 4-87 6-71 8-53 10-4 12-4 14-4 16-5 18'6 
jkilos. of steam. 

If steam is blown inlj a boiling liquid (not water), with which 
water vtixes, and the boiling jrJint of which lies below that of water, 
vapours are formed composed of a mixture of steam and the vapour 
of the liquid. The composition of those vapours depends, according 
to certain laws, upon tlie ctunposition of the boiling mixture of liquids, 
but, unfortunately, is not iiccuraUdy known for moat mixtures of 
liquids, although this property is utilised on thd largest scale in the 
industries for the distillation of such liquids. The heat of evaporation 
of the mixture of va])oura is the sum of the heats of evaporation of 
the water and tlu- liquid. The temjwrature of the mixture lies between 
those of the single vaiwurs. 

H'ainidf, -I kilo, of !i mixture of vapours, containing 0*n kilo, of water 
vapoin- and O-.'i kilo, of alooliol tapour, is at ttie boiling temporiiturc of 112' C.; 
O'.'j kilo, of steiun at !t2" contuns 271 calorits of heat of evaporation, and Odi kilo, 
of iili’oliol vapour at ',12^ l•ontllln3 103 calorics. Thus, I kilo, of the mixture 
contium 271 + 10" 37-1 oiilorics. 

This question hns been treated in a previous v/ork {Wiikmiijxn'cise 
der lirJdidfii- mid De.slillir-Apjiarate,, Julius Springer, Berliif), which 
should he mcutiuned here. 


When saturated steam is blown into a hot liquid, which does not 
mi.r with water, part of the liquid is mechanically taken away along 
with the steam, even when its boiling jioiut is considerably above 
that of water. This process of carrying over small qiarticles of liimid 
is not evaporation, and, according to th^ author’s observatiousfxhe 
heat of cvaji iration of the vapours evolved is but little greater than 
that of the water alone. 

Tlie quantities of different liquids carried over by ],^kilo.«of 
saturated steam are very different; they dejiend essentially upon 
the nature of the liquid, the dryness add the temperature df the 
steam. In almost all cases, if pot exactly necessary, it is still very 
desirable to heat the liquid under distillation in some other.manner, 
since by this mean^*the work to«be performeS by the steam is made 
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• • 
considerably easier. Experience has shown that 1 kilo, of steanfl 
carries over more liquid in vaoiw than at atmospheric pressure. 

As Approximate data it may be stated that to carry oveV 

100 kilos, of toluene there are required 13-16 kilos, of steam. 


100 ' 

benzene „ 

„ 25-28 


100 „ 

fatty acids . „ 

„ .100 

it 

100 „ 

tar 

. • 150 


100 „ 

glycerin 

250 

M 

100 „ 

nitrobenzene „ 

„ 250-300. 

tt 

100 „ 

nitrotoluone „ 

„ ^00-450 

n 







OIIAPTKE V. 

SUl'KHHEATED STKAM, 

• The steam superheater consists ot metal pipes, through which satur¬ 
ated steam is led, and which are generally surrounded outside by 
fire. But the snperlieatiiig of steam is not of necessity done by 
di»ect fii^e; % sand or oil-bath, oh even high pressure steam, may 
be used. When saturated High pressure steam is Wlowed to expand, 
its temperature and pressure sink. If this expanded or low pressure 
steam at a low temperature is passed through pijios heated outside 
by hotter high pressure ste.im, tho low pressure steam is brought 
up to thn tempnraturo of tho high pressure steam, (.e.,.it is supc- 
■heated. It is a m.i.ttor ot indifference by what means tho superheating 
is aecompli.->iied. 

Tho speoiO'’ heat of suporhoatud steam at constant pressure, 
which comes into consideration here, is (r„ = 0‘4805. Thus, in order to 
superheat I kilo, pf steam at 100" C. through 100° C., i.e., to heat it to 
200“ C., there are required 100 k 0'‘1805 = 48'05 units of heat. Since 
saturated steam always contains water, the heat required to vapourise 
the latter and then superheat it to the same degree must also be 
calculated. It is important and useful to keep as low as possible 
the amount of water in the steam to be ^uporheatod, since th^tva- 
poration of t he water requires much heat aud seriously diminishes 
the efficiency of the superheater. But in spito, of all separating 
arrangements, which are always us%d in conjunction with superhea^rs, 
the saturated steam always carries a certain quantity 8f water 
(3-5-10 per cent.) into the superheater. The heat requaed to 
vapourise this water must be calculated. 

If the whole weight of steam to be superheated is D,,it% original 
temperature t, the^temperatursi to which if is to be silperheated /„ 
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and the percentage of watfer w, then the amount of heat required, 
for superheating is 

• ^ = 100 ®^'^ + ~ *) 0’^805 

and, when I =. 100°, 

C = Il|5-37w + 0-48p5(t^ - 100)} .... (33) 

Thus, in order to superheit 100 kilos* of steam, more or less heat 
is required according to the percentage of watei'. 

Table 5 gives .the number of units of heat required to superheat 
steam at 100° C. through 100°, 200°, 300°, 4(Jb", 500° and 600° C., when 
it contains'0, 3, 0 or 10 per cent, of water. 

Tabue 5. 


Expenditure of heat, in caltries, in order to superheat 100 kilos, of 
steam from 100” C. through 100“ to 600" C., when it contains 0-10 
per cent of wj0.er. 




Supf'rheating throujih 



Water-content 







of 







the steam. • 

100“ 

-200“ 


400'^ 

r>oo” 

(ioo 

Per cent. 

Calontw. 

Calories. 

Calories. 

Calories. 

Calories. 

Calories. 


4,750 

'9,.500 

14,250 

19,000 

23,750 

28,500 


6,361 

11,111 

15,861 

20,611 

25,361 

30,111 


7,435 

12,185 

16,935 

21,685 

26,435 

31,185 


10,120 

14,870 

19,620 

24,370 

29,120 

33.H70 


Tlie volume of superheated steam is, according to Zeunor, 

pV, = 50-92’ - 192-5 ll/f .(34) 

wheVi p denotes the pressur'e in kilos, per sq. m., Fj tne volume in 
cub. m. and T the absolute temperature. 

In Table 6 are- given the volumes, Fj, of 1 kilo, of superheated 
steain, in .rub. m., for pressures of'0-1, 0'2, 0-5, 1, 2, 8 and 4 atmo¬ 
spheres and temperatures from 200° to 500° (1. 

Tilt quantity of heat, which is carried to the steam throuijh 1 sq. 
m. of heating surface, depends, as we may readily imagine, on the 
Velocity W’th which the steam to be superheated moves along the 
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inner face, and the heating gases or liquids pass along the, outer 
face of the superheater. Exact figures are, however, wanting for 
this transference bf heat, owing to lack of accurate experiments. 
But if these figures were known, the coating of the surfaces with 
ash and rust, and also the variable and generally unknown proportion 
of water in the steam, would make the theoretical figures useless for 
practical purposes, without large corrections. 


TahiiE (i. 




Temperature of the superheated stAim, t 



200'^ 


aoo^ 

400” -500° 

Ab«?olute 

nreffsm*'. 





piesMU'-'. 

P- 







AbsolnteJ.emperatnre of the superheated steam, T. 


KildR. pel 

47r 

r/2;r 

57B" 

67:t” ! 77H” 

AMiioe. 

hip m. 


• 





Volumes of 1 kilo, of superheated steam, Y,i in ! 





cub. m. 


OT 

1.000 

23-000 

25-540 

27-987 

33-176 : 38-260 

0-2 

■Kililil 

11-390 

12-670 

13-890 

16-483 ' 19-027 

Oo 

Wtriiil 

4-496 

5-005 

• 5-494 

6-5301 7-549 

1 

■nnTnl 

2-215 

2-469 

2-714 

3-233 1 3-741 

2 

20,000 

1-0H9 

1-217 

, 1-339 

1-698 j 1-853 

3 

■80,000 

0-718 

0-803 

0-884 

1-057 1-227 

4 

40,000 

0-534 

0-597 

0-6.59 

0-788 1 0-909 


Experience shows that, by means of 1 sq. m. of superheater surface 
in one hour, 25-45 kiios. of high pressute steam may be superkbated 
through 10(1'’, 150° or 200° C., when the temperature of the hot gases 
is 450°-550° C., the speed of the steam in the superheater being 
15-40 m. per second. 

This is true for those cases in whicn tne swam is superheated by 
means of waste gases; when, how6ver,*the superheater lies immedi¬ 
ately after the fire, so that the James directly impinge on its tubes, the 
efficiency is considerably greater, especially with steam ^.Jdttle above 
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the atmospheric pressure. ‘ Under these circumstances, in one hour* 
by means of 1 sq. m. of surface, as much as 300 kilos, of steam may 
be superheated through 200‘’-300° 0. The velocity of the eteam may 
then reach 60-70 >m. ’ ^ 

If the steam is expanded, i.e., if it has a lower pressure than* 
that of the atmosphere, for example, | atmos. (absolute), the velocity 
in the pipes may attain 150, or even JlOO Va.; an average would be 
250 m. 

•Recording to Him, the coefficient of transmission between hot 
gases and steam- with cast-iron heating ^surfaces, k = 10 to 15. 
Assuming it to bo k - 10, a number which must be regarded as 
extremely iow, Ihe heating surfaces necessary to superheat 100 
kilos, of steam, containing 0-10 per cent, of water, through 50", 
100", 200" and 300" C., with a mean difference in temperature 
between steam and hot f^ises of 100’’ and 150° C., have been 
calculated and arranged in the follotving table:— 


Table 7. 


Water 
content 
of the 
Hteam. 




Por superheating through 




60“ 

75'^ 

100® 

200® 

300“ 



Wltll 

moan tljiTorences in tcmperulnre <it 



■Per 

100" 

150“ 

100’ 

150" 

100® 

160® 

100' 

150® 

100" i 

150® 

cent. 





• 



. 

' 



the necessary heating surface, in s(|. 

ni., for 100 kilos, of steam per hour. 


2-38 

1-65 

3-60 

2-40 

4-75 

3-3 

9-5 

66 

14-2 

9-9 


3-18 

2'15 

5-21 

3-48 

6-36 

4-3 

13-76 

8-6 

19-0 

12-9 


3-72 

2-5 

6-29 

4‘20 

7’43 

50 

14-80 

10-0 

22-2 

15-0 

10 

5'07 

8-35 

8-97 

5-98 

1012 

6-7 

20-24 

13-4 

30-2 

20-1 


With the same assumption, it may be found that 1 sq. m. of the 
heating surface of the superheater superheats the following weights of 
steam in one hour;— 
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Table 8. 


Superheating through 


50“ 

75“ 

100” 

200“ , 

300“ 


-•- 





with niean differences in temperature of 
















CHAPTPffi VI. 


EVAPORATION BY MEANS OP>HOT LIQUIDS. 


OccAsiONAtr/Y Iiquilts .ire evaporated by means of heating coils, 
through which steam is not conducted, but a strongly heated liquid 
of high boiling point (400°-.000" C.) is pumped. The rate at whioH 
this hot liquid is forced ferough the coil can rarely be very large, 
since the considerable length of the coiled pipe and its small internal 
diameter would otherwise largely increase the friction* an^. thus'the 
necessary pressure. We may regard a velocity, of 1 m. per secoqd 
as suitable, though often this is not attained. 

In estimating the quantity of heat given up in this case from the 
hot coil to the hniUnj liquid, the coollicient of transmission may be 
assumed, according to the author’s observations, to be 


k, - 700 Jv, .(35) 

The heating surface 'li in sq. m., required to tiansfer C calories 


per hour, is, with the mean temperature difference ft,,, 

C 




»7O0, 


(36> 


Accordingly, 1 sq. ra. of heating surface in one hour, with a velocity 
of the heating liquid in the coil of iv = 1 m., and with mean differences 
in temperature of 

" = 5° “ 10° 15° 20° 50° C. 

would transfer 3,500 7,000 10,000 14,000 35,000 calories 
to the boiling liquid. 

• Theiaaeoessary weight of the Bot liquid, F„ which must be forced 
in one hour through the heating coil is, if G represents the quantity of 
heat to be transferred in one hour. 


•C 
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The diameter of the coiled pipe in metres (d) is obtained from the 
equation 

^^^100 X i>, X 10 X 3600 = ^ 

4 • 0 / 



The length of the heating foii is 

'-5 .'*“) 

For the hot liquids considered here the specific heat, tr„ ia 
generally 0'5 and the specific gravity, Sj = 07. 




CHAPTEE VII. 

THE TEANSPEEENCB OF HE.VT IN GENiEAL AND TEANSPERBNCE 
BY MBANS OP SATURATED STEAM IN PARTICDLAK. 

The physical properties of saturated steam are the basis of many 
of the following considerations; a compilation of these properties, 
according to Zeuner, is gifen in Table 9. 

Water and many other liquids are evaporated by means of 
saturated steam.. The hot steam employed has usufllly fi pressure 
of 3-5 atmosj)herc3, but, frequently, for liquids of high boiling point, 
steam of 12-15 atmosphores'must be used. It is often advantageous 
to heat with steam at a pressure of 1-2 atmospheres (absolute). 

The temperature of the hot steam must always be some degi’ees 
higher than the boiling point of the liquid to be evaporated. The 
transfer of heat is greater, the larger the difference in temperature 
betweeh the steam and the boiling liquid, and it may be properly 
assumed that the action of the heating surface increases in direct 
proportion with the difference in temperature, 6„. In order to make 
this difference large, a vacuum is frequently maintained over the 
boiling liquid, ie., the liquid is brought into a closed vessel provided 
with heating surfaces in contact with steam, from which the vapours 
are conducted through a pipe into a condenser, where they liquefy 
aivl are cooled, and the^ either flow away spontaneously (by a 
barometer column), or are drawn off by means of a pump or other 
apparatus. 

The press are of the hot steam is without influence on the efficiency 
of'the htating surface. But the temperature, which is in a definite 
connection with the presspre of saturated steam, has considerable 
influence, since, other things being the same, with increasing pressure 
the temperature of the steam also rites to an extent which is perfectly ■ 
well knoVh,.and thus psoportionately.increases l^ie difference in tem- 
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peratare bet-ween steam and liquid. In this* sense the capacity otthe 
heating surface rises ^ith the pressure of the steam. 

By , many researches it has been shown that with inajeasiwp 
temperature of the steam, cff, in general, with an *inoreaa6 in the 
temperature at which the transference of heat takes pla,ce, there 
is a certain increase in the efficiency; this effect is, 'however, not 
proportional to the inoroasi in^tomporature, and appears again to 
decrease when certain limit! of temperature are exceeded. The 
cause of this behaviour is to be found in the increasingly rapid 
movement of the particloj of liquid over the heated surface at the 
higher temperatures. The effect is more noticeable in heating non- 
boiling liquids by means of saturated steam, tlian,in evaporaling. 

The hot steam always carries air with it (Zeits. d. V. d. Ing., 
T887, 2841, which considerably hinders the transference of heat. 
It appears as if the air attached itself t* the hot surface, foi'ming 
a net-like layer upon it, thus hijfdering the action of the steam. 
ThS removal‘of the air from the tubes or spaces, in which the 
^eam is to give out its heat, is extremely imporfant for effective 
working. Every care must be taken to remove, as quickly and 
completely as possible, the air which the steam brings to the hot 
spaces. It naturally collects where it is driven by the moving 
steam, that is, ai the end of the heating surface. At that place 
there must be provided a continuous outlet, and since diffusion 
between air and steam is tolerably slow, the outlet should, bee placed 
rather towards the bottom than the top of the hot space. 

The pressure in the hot space is the swn of the pressures of air 
and steam. The* total pressure in the steam space is, therefore, 
always rather greater than the’pressure of the steam alone, and 
since the temperature (the most important condition) in the hot 
space depends upon the pressure of the steam and not on the 
sum of the pressures, the temperature in a steam space is alwi^s 
somewhat lower than would be supposed from the total pressure 
as indicated by a gauge. In heating experiments it is, therefore, 
necessary to observe the temperature of the hot steam and not its 
pressure, since the latter, on account of the varying amouaj: of iJir, 
cannot give a reliable indication of the temperature. 

The pressure and temperature of the \leam are not equal m all 
parts of the steam space; they are always somewhat, often much, 
lower at the end of tjie heating surface than %t the begini^# When 
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Table* 9. Saturated Water Vapour—Pressure; Total 

, Evaporation; Specific Volume 

■ -- . I 


Pressure. 

Vaciyim. 







Tempera* 

Atmosplieres, 

ab'^olute. 

Mercury. 

WattT. 

# 

Mercury. 

Water. 

ture. 


mm. 

m. 

f-’m. 

m. 

^ C. 

0-0001 

4-(i0 

( 

o-0(;3 

* 75-540 

10-273 

0 

0-008(i 

()-55 

0-089 

75-347 

10-247 

5 

* ()-012 

9-17 

0-124 

75-038 

10-212 

10 

0-017 

• 12-70 

0-17(5 

7P730 

10-100 

15 

0-020 

17-39 

0-238 

74-2(51 

10-098 

20 

o-o:u 

, 23-55 

0-32(( 

73-045 

lO-OlO 

25 

0-042 

31-.45 

0-434 

72-845 

9-902 

30 

0055 

‘41-83 

0-5(58 

71-817 

9-708 

35 

0-072 

54-91 

0-744 

70-509 

9-592 

40 

0-094 

71-39 

0-972 

(;9-8i;i 

9-3(;4 

45 

0121 

91-98 

» 1-251 

()I)-H02 

9-08.) 

50 

0-155 

117-48 

1-002 

154-252 

8-734 

55 

0-190 

148-79 

2-02f5 

(51-121 

8-310 

, (50 ‘ 

0-240 

lo(;-95 

2-543 

;>7-305 

7-793 

(55 

0-257 

195-50 

2-()5() 

50-450 

7-(58(l 

(50 

0-505 

233-09 

» 3-103 

52-(501 

7-173 

70 

0-380 

2HH-55 

3-9-28 

47-148 

0-4()8 

75 

0-46f) 

354-04 

4-817 

10-53(5 

5-519 

so 

0'50(i 

384-n 

5-230 

37-55(5 

5-100 

82 

0'.570 

433-04 

5-892 

32-(59(5 

4 411 

s5 

0-091 

525-45 

7-142 

23-455 

3-194 

90 

0-7-tf) 

5«()-7<5 

7-711 

l!(-342 

2-(525 

92 

0-834 

(>33-78 

8-()02 

12-()22 

1-70(5 

95 

1-01)0 • 

700-00 

10-330 

0 

0 

100 

1-25 

950 

12-929 



10(;-3.s 

1-50 

1140 

^ 15-50 



111-74 

1-75 

1330 

18-09 



1115-42 

2-00 

1520 

2(H)7 



l-20-(>0 

2-25 

1710 - 

23-2(5 



124-35 

2-50 

1900 

25-84 



127-80 

2-75 

2090 

28-42 



130-9(5 

3-00 

2280 

31-00 



133-91 

. 3-50 

2060 

3(5-18 



13t»-24 

• .4-00 


41-34 



144-00 

4-50 

3420 

40-51 



1 48-29 

5-00 

'3800 

51-08 



152-22 

0-00 

4500 

02-02 



159-22 

•1 7-001- 

5320 

72-35 



100-34 

8-00 

0080 

82-159 



170-81 

0-00 

0840 

93-02 



175-77 

10-00 

7600 

103-30 



180-31 

n-00 

83(50 

113-70 



184-01) 

12-00 

9120 

124-03 



188-41 

13-00' ' . 

9880 i 

134-37 



192-08 

14-00 . 


144-70 



190--')3 

15-00 

11400 ‘ 

155-04 

9 


108-98 
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Heat i Heat of the Water, of the Liquid and of 
and Weight (after Zeuuer). 


TAhLE 9. 


Latent heat of 
the vai>our, , 
606-5 - 0-r)95f 
- 0-00002«2 ^ 
rf)-0000006f‘. 

Ciilovics. 


Heat fS the 
liquifl. 

t + o-oooo-ir- +1 
o-oooooo;u-. 

Caltjrios. 


60(5-j 

60H-0:^0 

5I»9-'»4rt 

5‘.MM>74 

.'j92-5‘.K) 

SH'J-Un 

riH.) 

5H2-J4:4 

577-649 

57.vn;2 

o7i-r.<;2 

5tw-l70 

/»iii-7ii6 
r)(U-ir.6 
56)0- !”»H 
557-(i49 
554-1 n 
550-i)lH 
549-210 
5I7-H)1 

54:5-56,'.I 

542-157 

540-o:-57 

r,:{i;-5(K) 

5:-51-9H:5 

52K-17:5 

524-r,70 

521->«):5 

519-19;-5 

510-727 

515-:579 

51-2:551 

60K-5:i2 

505-110 

50-2-022 

409-lh59 

494-r22 

4i^9-hH7 

485-712 

482-093 

478-791 

475-705 

472-814 

470-13<; 

467-003 

46O-1-20 


0 

5 

10-02 

15-000 

• 20-010 

‘25-017 

3U-5)*2<) 

:45-o:57 

10- 05 L 
45-(»0H 
50-088 
55-110 

00-1:57 
05U57 
(;0-172 
70-201 
75-2:59 
8i>--2s2 
m2-:500 
• :5-:529 
)0-:5Hi 
92 li):5 
95 li:5 
100-500 

100-96.7 

11- 2-408 
l*7-:540 
12J-I17 
125-2:57 
128-75:5 
1:51-001 
i;54-989 
1455-4:58 
145-:5lO 
149-708 

15:5-741 

100-9:58 

107-24:5 

172-888 

178-017 

182-719 

187-0(55 

191-120 

194-944 

198-5:-57 

202-041 


■ 

Specific 

Spof^c 

Total heat. 

volume. • 

weight. 

{»(r.5 + 0-;)0i5(. 

1 vol. water 

Wcitiit o{ the 


gives voIr. of 

tai)nurinkilo';. 

^ Cii\[)rlo.s. 

vapour. ' 

per cub. lu. 




* 000-5 

lt»85(57 I 

0-0((r)0t 

6,08-0:3 

14:5811 1 

0-0009(5 

(50J5-55 

105170 

0-00951 

(511-08 

7r,n2t 

0-01319 

(>12-(i0 

570K7 

0-01753 

014-1 :-5 

4.-5120 

0-(^iJ:5-2O 


:5‘24‘2:5 

0-0:5080 

iin-iH 

251 |T8 

0-03t575 

018-70 

19542 

n-o.ino 

620-2:-5 

1521:5 

0-()( 557(5 

1521-75 

12001 

0-08;5:5(; 

(52:5-28 

9510 

0-10519 

IWt-flO 

70-29 

0-13114 

• (>2(5-;5;5 

01(5.3 

0-1(523 4 

(52('.-(5:5 

5915 

0-1(5915 

(V27-85* 

50-20 

0-19928 

()29-:5H 

409(5 

0-2442:5 

(5:5()-tm 

:5:582 

0-29582 

(5:51-51 

:3i:39 

()-3I'.H51 

(5:52-1:5 

•2799 

0-35714 

0:5:5-95 

‘ 2 : 5:50 

()-428-2!» 

(5:-5 4-56. 

2177 

0--4.590() 

i',:-55- 48 

V'-n 

0-51 iy5 

(5:57-00 

l().50-.5 

0-1;0.7!MI 

6,:58-95 

i;5:(8-(5 

0-717:38 

(540-58 

'’iiar.-'.i 

()-Kh740 

()|-2-01 

975-!) 

1-0252 

(54:5<iH 

859-9 

i-iij:)1 

044-4:5 

770-7 

1-29HI 

6,45-48 

097-2 

1-4345 

(>4i5-44 

(5:38-3 

1-5(57 4 

047-:54 

.587-5 

1-7024 

1548-97 

508-2 

l-(M'i7(i 

(550-42 

448-4 

2 - 2:303 

05i-7:-5 

401-4 

2-4911 

» (;52-9:-5 

:30:5 0 ' 

2-750(( 

055-02 

300-4 

3-2(5:52 

{•p-W-li:,' 

m-i 

3-77 «> 

l55H-(;0 

2:3:3-9 

4-2745 

(5(50-11 

■ 20t*-5 

4-77(1 ^ 

0(51 -50 

lH!,-7 

5-2704 

fifi2-,77 

17:5-5 

5-7li3i; 


].'>!l-0 

(1-2.513 

005-()8 

148-4 

(‘.-7424 

(5(5(7-14 

i:58-4 

7-2283 

007-10 

127-7 

7-6270 
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hot' Steam is conducted into a double bottom, or a coil in oontaot 
with cold water, the pressure at the end of the heating surface i» 
generally nil in the first moments of the entry of the steam, it 
gradually increases as the water becomeS heated, until, finally, when 
boiling obmmenees, it reaches the permanent highest point. 

The following may serve as an example :— 


A coppfr pan of 1,000 mm, tliameter, with a donble bottom of 1‘4 Bq. m., com 
talhed 720 litres of water at lit" C. Steam entry valve, 2.5 mm.; pressure of steam 
in the boiler, 3-5 atmos.; at its entry into the double bottom, about 3 atmos. 


Time. 

Hrs. Mins. 

' Temperature 
of the water 
in the double 
bottomed pan. 

“C. 

Pressure of the 
steam at the side 
opposite to the 
steam entrance. 

Atmofe. excess 
pressure. 

Calories transferred 
perl sq.m, in 1 hour 
witli l^'C. diiferencf? 
ill temperature. 

9 

20 - 

13 

o-o 

1224 

9 

25 

30 

0-4 

1530 

9 

30 

47 

0-7 

1690 

9 

35 

64 

1-2 

1950 


40 

80 

1-75 

2090 

9 

45 

03 

1-85 

2045 

9 

48 

100 

1-95 


to 10 

18 

100 

2-2-3-2-5-2'6 

80 litres of water eva¬ 
porated in 30 mins. 


The more rapidly the liquid moves ov(!r the heating surface, the 
more rapid is also the transference of heat. The larger the number 
of particles of liquid brought to the heating surface in a definite 
time, the more heat will the liquid take up in this time. The 
example just quoted shows this clearly; as the water becomes hotter 
and hotter, its circulation or movement over the heating surface 
u creases, and so does the number of units of heat conveyed across 
1 sq. m. in a definite time per 1° difference in temperature’ Also 
when the liquid to be heated or evaporated is moved by artificial 
means rapidly and frequently over the hot surface, the amount of 
heat tiAnsferred in a definite time is increased. This increase is, 
however, not directly proportional-to the increase in velocity, but in 
a lower ratio (Chapter XXI.). 

The conclusions to be drawn from the observations of Joule, Ser, 
and others, lead to the belief that the increase- m the transference 
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,of heat between steam and a non-boiling liquid is proportion&l to 
the cube root of the velocity of the liquid. 

The rate.of movement of the steam over the heating suriaftes also 
exerts a considerable influepoe on the transference t>f heat. There 

always observed close to tho entry of the steam, where it first 
comes in contact With the heating surface, a much more lively 
motion of the particles of n(jn-boiling liquid, and a very much 
more rapid evaporation of S, boiling liquid, than at places more 
distant from the entry. It is evident that the more^heat will*be 
imparted by the steam, the more of its particles raipidly touch the 
surface of separation. 

Around coils, pipes, over double bottoms and tubular heaters, filled 
with steam, a very lively movement of non-boiling liquids, .and an ex¬ 
tremely energetic ebullition of boiling liquids, lakes place at the efitranoe 
of the steam; towards the end the action dacreases considerably, until 
it appears almost entirely to cense. If the hot space be opened at 
the»end, ^ th*t steam escapes, wliilst the pressure in th# hot space 
remains constant, the transference of heat is increased; a larger 
portion of tho healing surface takes parif in the violent action. In 
practice this opening of the hot space cannot always be effected, 
since it generally results in a costly loss of steam, yet there are 
cases in whioii ii is the regular condition, e.g., with several heating 
bodies placed one after the other, in the condensers of rectifying 
apparatus, etc. 

In all tl esc oases the largest transmission of heat is obseived 
where the most steam passes over tlie hot gurface, and the heating 
surface as a whole.is the more efficient, tho more steam passes over 
its total extent, altljough this stom is not quite condensed. It is 
believed that the average evaporative efficiency of a unit of surface 
decreases with its size, and, in fact, approximately in proportion to 
the square root of the surface. Thus, if k, denotes the quantity jf 
heat transferred through unit surface in unit time with 1° difference 
in temperatu) f, then, through the surface, IT, the quantity of heat, 
C = k, jH, is transferred. In the case of tubes,*inside which is 
steam, it is probable, as observatifin has shown, that this iplatidh 
always holds good; in the case of double bottoms, perhaps in default 
of accurate experiments, the connection is more uncertain, wtioh 
is also true of tubular heating apparatus with the steam outside 
the tubes. 


•3 
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When the space oontamiiig the hot steam is very large, so that^ 
only slight movement tahes place in it, almost a stagnation occurs, 
and th^inflaence of the absolute size of the surface is diminished. 

The condensed water formed from thOj steam precipitated on the 
heating sigrfaoe, considerably hinders the transference of heat, since 
the conduotivii^ of water is very low. The more rapidly and com¬ 
pletely this condensed water is rem^jved*' from the heating surface, 
the more efficient the latter will be. To a certain extent the condensed 
water drops more readily from a horizontal tube, heated externally, 
than from a vertical pipe, down the whole length of which the water 
would have to run. 

The ndlwe dj tlie metal, of which the heating surface is composed, 
appears to effect tte amount of heat transferred only through 
differences in conductivity. On the other hand, the nature of the' 
surface, whether rough or smooth, seems to be almost entindy with¬ 
out action on the movement of lieat. 

JEhe heat, which a heating mfedium (steam, waVir, pir) is "to 
transmit through a metallic diaphragm to the heated medium, 
(water, air), has three resistances to overcome, viz .:— 

1. The entry through the surface of the metal plate. 

2. The passage through the metal. 

3. The exit from the metal into the heated fluid. 

These resistances may be expressed by Pbclet’s method, taking 
for each a, coefficient,. which gives the number of calories passing 
through a surface of 1 sq. m. in one hour with a temperature 
difference of 1°. Lot the,entering coefficient be e, the exit coefficient 
be o, the conductivity through a wall 1 mm. thick be A, the thickness 
in millimetres be 8. Then if k be the total quantity of heat which 
passes through 1 sq. m. in one hour, with a temperature difference of 
1°0., and a thickness of 1 mm. these coefficients are related according 
tO|.the general equation (Pbclet) 




1_1 8 1 
jc 6 X a 


'i + l + l 

( \ a 


*(37) 

(38) 


The oqeffioients of entry and exit, e and a, are practically unknown, 
since thsy are hardly capable of measurement, by direct experiment. , 
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»However, for the cases dealt with here, tke so-called ooeifioieflt of 
transmission, k, alone comes into consideration; we may thus omit 
the researches designed to determine the values of e and a. *• 

The conductivity coefficivit, X, of the metals has teen determined 
ky several observers; the values found are, however, somewhat 
different. It is probable that slight variations in the composition 
of the metals (impurities) exerlj considerable influence on the con¬ 
ductivity for heat. The follo'wing values for X may be taken as 
the mean of many experiments, they give the number of oalofies 
which pass in one hour tljrough a metal block of 1 sq. m. section, 
1,000 mm. thick, with a temperature difference of 1“ 0. (Zeitj. d. V. d. 
Ing., 1896, 46) 

Copper, 3.30. Tin, 64. 

Iron, 661. Zinc, 106. 

Steel, 22-3-40. Lead, 28-4. 


If we put ^ for the sum of the reciprocals of o and e, then 


and 

“ 

€ a 

‘-.S 

• t « » 

.... (39) 

or 

A 

* 3 

• 

• • • • 

• 

.... (40) 


1 + k,,- 

• 



If we now insert for k, those* values which are to be regarded 
as most nearly correct, we may form an idea of the influence exerted 
by the greater or less conductivity, and the greater or less thickness 
of the walls of the heating surface, upon, the coefficient of tran^ 
mission, k. 

According to Molier (and others) k, lies between ^500 and 7,000. 
In order to obtain an idea of the retarding effect of the increasing 
thickness of the material of the heating surface, the Tables^O and 
11 have been calculated. 

Table 10 gives, for the metals, copper, zinc, iron and load, the 

values of the coefficient of transitiission for thicknesses of 2-10 mm., 

• • 
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when that coefficient is ItX) for a thickness of 1 mm. The values^ 
are given on two assumptions :— 

1. i^fee coefficient k. = 3,500. 

2. K = 7,000. 

In praqtioe would rarely be greater than 3,500. 

Table |0. 


If the coefficient of transmission of heat, h, is 100 for a thickness in 
wall of 1 min., then for greater thickness of 2-10 mm. it has the 
values given in the columns. 


Thiekaess 

of 

wall. 

mm. 

Corper. 

Zinc. 

Iron. 

Lead. 

7000. 

Oil 

^0 — 
Vooo. 

fc. = 
3500. 

7000. 


p li 

h = 

;i500. 

1 

100. 

100 


100 

100 

100 

lOO' 

♦ 

100 

2 

98 

99 

94 

97 

87 

93 

83 

90 ■ 

3 

96 

98 

to 

94 

77 

86 

71 

82 

4 

94 

97 

84 

91 

69 

80 

63 

75 

5 

92 

96 

80 

89 

63 

76 

55 

69 

6 

90 

95 

76 

86 

57 

. 71 

50 

64 

7 

89 

94 

73 

83 

53 

68 

46 

60 

8 

87 

93 

69 

■ 82 

49 

64 

42 

56 

9 

86. 

92' 

66 

79 

46 

61 

38 

53 

10 

84 

91 

64 

77 

43 

68 

36 

50 


- From this table it is seen that the coefficient of transmission, h, 
decreases the more, with inoreasiiig thickness, of wall, the worse 
conductor is the metal. 


For copper, which is rarely used in thicknesses exceeding 1-4 
•nKU'i the decrease in fc with increasing thickness of wall is unim¬ 
portant, and may almost be neglected. 

With wrought iron, which is generally thicker, the thickness at 
once exerts an unfavourable influence, and in the case of cast-iron 
heating'surfaces, which are made 10 mm. thick and more, the 
efficiency is very considerably diminished at these thicknesses. 

In the case of lead, which is used in thick-walled pipes, and has 
a low conductivity, the efficiency of the heating surface diminishes 
very rapidly with increasing thickness. 
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The next, Table 11, shows the -values of the coefficient of trans¬ 
mission for iron aid lead beating surfaces, when they are^of equal 
thickness with copper, the coefficient of transmissipn for tSe latter 
being taken as 100. It wffil be seen that heating surfaces of iron 
*and lead, of the same thickness of wall, have consider&bly lower 
efficiencies than those of oqpper; the former metals are also generally 
used in greater thicknesses tijait copper. 

Table 11. 

When the coefficient of transmission of heat for copppr in Uiicknesser 
of 1-10 mm. is taken at 100, the coefficient for iron and lead ol 
equal thickness has the values giveu 



Thick viscous liquids, which move slowly, acquire heat with more 
difficulty than water or dilute solutions, alcohol, etc., oonsequentlj 
the coefficient of transmission, k, is much lower, so that it may 
often be only 0‘5, or even 0'2, of the coefficient for water, according 
to the consistency and nature of the liquid. • 

Finally, there is still anothea hindrance to the transference of 
heat, which arises more or less in all oases—tlie inenmation or 
coatiruj of the heating su/rface with mbre or less solid, pasty or 
crystalline formations, corresponding to boiler scale. All these 
precipitates adhere firmly to the hot surface, they conduct Jjeat very 
badly, and thus d^inish the.'efficiency to a great extent. Since 
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these hindraaoes are different in each single case, can never be' 
exactly estimate beforehand, and afterwards cf.n practically never 
be oonikilled, the figures obtained in practice for the 'transference 
of heat are appreciably smaller than those found by careful re¬ 
searches ;■ freq^uently the difference is so great that even the agreement 
of the action with the laws cannot be recoj'nised. 

The conditions of the exchange'^ of heat through metallic dia¬ 
phragms between gases, vapours and liquids, have not yet been 
elubidated with the desirable certainty by means of careful experi¬ 
ments conducted with large apparatus 'on a practical scale. A 
theoretical consideration of all the different pi-aotical oases is also 
wanting. Theorsticul results, however, would not be directly 
applicable to the large scale practice owing to the varying difficulties 
which occur there. Thus, in the present condition of our knowledge, 
there is no other course than to consider the results and observations 
of the author and others, obtained -from large apparatus in industrial 
use, whilst giviqg due regard to the rules, coefficients and laws 
obtained by experiment, unfortunately, as a rule, from very stniiK 
apparatus. 

We shall at once endeavour to state such rules for the estimation 
of the necessary heating and cooling surfaces for the different oases 
which occur in practice. 

In all oases it is an advantage to make the passage of the gases, 

■ vapours and liquids over the hot surface as rapid as possible. Thus, 
vortices and alterations in the direction of flow favour the trans¬ 
ference of heat; the mord rapidly the liquids and gases flow through 
the pipes, and are driven over the heating surfaces, the more rapid 
is the transference of heat. A current of stealu or gas, flowing 
rapidly through a pipe or flue of regular section, gives out heat more 
quickly than a current of steam, which, when led to a flat wide 
'ilt3i,ting surface, spreads out over it to all sides as soon as it reaches 
it. The greatest loss of heat takes place at the spot where the 
hot current first touches the heating surface. 

Towards the end of long heating pipes and flues the temperature 
anS pressure of vapours and gases sink, so that the end itself is 
almost inoperative. The shorter and narrower is a steam heating 
pipe, the more effloient is its surface. 

The hot space should always be kept tree from air, and the water 
■should be rapidly and completely removed. 




CSAPTBE VIII. 

THE TEAKSPERENCE OP HEAT PROM SATURATED STEAM IN 
PIPES (COILS) AND DOUBLE BOTTOMS. 

A. Evaporation and Heating by Means of Ste^m Pipes (Coils), 

• Pbopessob E. Molibb in a fine compilation published by request 
of the Veroins deutscher Ingenieure in the society’s Zeitschrift, 1897, 
Nos. 6 and 7, states that the most reliable data concerning the oo- 
eficient^f ti»namission, k, between steam and wat^er are as follows;— 
^ In the case of water which is not boiling, acoordflig to experiments 
by Ser on a horizontal lube of 10 mm.* bore and 314 mm. long, the 
transference of heat increases approximately with the cube root of the 
velocity of the liquid, in m. per second. 

Molior calculated k, from the e-xperiments of Ser: 

h = 3300 i/v, .(41) 

P'rom numerous researches by Joule on'vertioal tubes Of narrow 
bore, 

h = 1750 .(42) 

According to*the experiments of G. A. Hagemann (Nogle Tiuns- 
missions-Forsdg) bn an externally heated vertical tube, 49 mm. in 
external, 45 mm. in internal diameter and about 900 mm. long, 
through which water was passed at various velocities, in the case of 
non-boiling liquids the quantity of heat transmitted increases <fBI 
only with the velocity of the liquid but also with the height of the 
temperature at which the transference of heat is effgoted. The higher 
the temperature of the hot steam, t* and the temperatures of the 
liquid, and the more heat is transferred in one hour ^r sq. m. 
per 1° 0. difference in temperature. Holier deduces from Hageqiann's 
experiments the following expression for k „;— 

K = 50,+ 1 1000 + 10(<, + f' • («) 
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The figures, obtained by Niohol from experiments on a brass tuba* 
of 20 mm. bore, show a considerably greater transference of heat 
in the dlorizontal than in the vertical position. In thte horizontal 
position about TS times as many calorie# were transmitted as in the 
vertical, yat the values found by Niohol are lower than those of Ser! 

It would appear that at higher .tempej;atm'6a the liquid is some¬ 
what more mobile, and hence that gifeater differences of temperature 
may occur between its parts, which would then cause a greater 
movement over the heating surface. That the horizontal position 
of the hot pipe is'favourable may well be explained by the immediate 
removal ojE heated particles of liquid from the hot surface, thus at 
once making placg for fresh particles. In or about a vertical pipe 
many particles of liquid must remain in contact with the surface 
in rising. 

Ill regard to the transference of heat to boiling water from satur¬ 
ated steam, experiments by C. Long, J. B. Morison and the brothers 
Sulzer, are quoted in the same paper;.the results ofthe^e experi¬ 
ments, which were certainly carefully executed, cannot, however, well 
be considered from the same point of view. 

From a consideration of the above-mentioned experiments, those 
of Jelinek (Z. d. V. fiir Rubenzuoker-Industrie, December, 1894), and 
some number of the author’s own, the author comes to the conclusion 
that the empirical equation 


K- 


1900 

M 


(44) 


most accurately expresses the transmission of heat between steam 
and boiling water, in so far as cylindrical copper 'pipes, with steam 
inside, are concerned. 

With all due regard to such careful workers as Joule and Ser, 
iLccauthor is of the opinion, that, from such small apparatus as that 
with which they worked, safe conclusions cannot be drawn as to the 
relations between steam and liquid on the much greater proportions 
of the industrial scale. 

Tt is (juite certain that the temperature and pressure of the steam 
at the end of a long pipe qurrounded by water in violent ebullition 
are considerably lower than at the beginning. It is also proved that 
those heating surfaces, or portions of heating surfaces, transmit the 
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of molecules of steam. Similarly, steam at rest gives up the least 
beat. 

Steam which is blown into a large heating space, spreads out 
op all sides inimediately after its entry; it does not pass over the 
hot surface in a regular manner, and thus gives out dta heat very 
slowly. 

In the author’s opinion, observation teaches that the transmission 
of heat increases with decreasing diameter and with decreasing 
length of the tube, and apparently in such a mj,nner that the 
transmission is inversely proportional to the square root of the pro¬ 
duct of these quantities. The smaller the diameter 'of the heating 
tube the more molecules of those which are passing through will 
come into contact with the walls. Since the largest quantity of heat 
is given up at the beginning, every tube J)eoome3 much less active 
towards the end. 

•The eguat^n 



(44) 


is not in any way to be regarded as final; we know, indeed, that it 
is inaccurate. It appears that the increasing length of the heating 
pipe diminishes the transmission of heat in a somewhat less ratio 
than that of the s(iuare root. The equation is inaccurate for very 
short and very long tubes, but the want of* results of sufficiently 
accurate experiments does not permit it to be corrected, and thus 
it must serve lor the present. 

For compariscJu with this formula certain published experimental 
results may be quoted 

Jelimk, with a copper tube, 16 mm. bore, 12,000 mm. long, 
observed k, == 4194. 

Calculated, k, = = 4309. 

^0 016 X 12 

Jelinek, with a copper tube, 10 mm. bore, 8200 mm. long, 
observed k, = 5890. 

In this case the temperature, difference was taken by Jelinek as 
the arithmetic mean of the initial and final temperatures of th^steam, 
■whilst it should hav^een ealoulated according to the prmoiples laid 
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down in Chapter I., in which case it is less, and k, then Deoomes 
6750, instead of 5890. * , 

J^inek, with a copper tube, 16 mm. bore, 3000 mm. long, 
observed fc. = 8680. . 


o , 1900 

Calculated, k, = — = 8675. 

v/0't)lb X 3 

Suker, with a copper tube, 100 mm. bore, 3000 mm. long, 

oljserved k, = 3400. 

,, , , , , 1900 ^ 

, .Calculated, k, = = 3480. 


Calculated, k, ■■ 


.Calculated, k, ■ 


C. Long, with a copper tube, 31'4 mm. boie, 2500 mm. lon^, 
observed k, = 6500. 


Calculated, k, = 


, - = 6840. 


’ ’ ^,^■03]4 X 2-5 

* « 

In Table 12* are contained the ooetCciouts of transmission, calcu- 

< 

lated by means oi equatiov. 44, for copper tunes of 10-150 mm. bore 
and 1-30 m. long. These values for k, only apply to the evaporation 
of water. The thicker the liquid to be evaporated becomes, the less 
becomes the influence of the form and species of the heating surface 
upon the efficiency. 

I'oj- wrought-iron pipes the coefficient, k„ should be taken at about 
0'7S, for cast-iron pipes about 0'5, and for lead pipes about 0-45 of the 
coefficients for copper, iq which values allowance has been made for 
the greater thickness in wall of the.se metals. 

For application in practice only | of the value of k, as so found 
should be used. 

When not pure water, but dilute solutions of 10-25 per cent 
. strength are to be evaporated, the coefficient of transmission 
gfeerally decreases by 20-'30 per cent. 

For thick, pasty, viscous or sticky liquids, or liquids largely mi.Kcd 
with crjratals, the value of k. may become much less. The dimensions 
oi the Ideating tubes axe then found to be of little influence; for such 
cases the following values should be taken for k„ in practice:— 

Ijong heating coils, about 650-750. 

Short „ „ „ .800-900. 


Thin heating tubes (steam pipes), about 1000. 

Vertical systems of pipes (tteam outside), about 600-700. 
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Tabeb 12. 


The ooeffloienf of tranamissioa of heat, k„ for one hour, 1° 0. an3*l sq. 
m., between steam and bDiling water, for copper heating coils of 
■ 10-150 mm. bore and 1-30 m. length. 




Bore of the 

1 

2 

4 

6 

e 

10 


20 

• 

SO 

tabe in mm. 











• • 

Coefficient of transtniesion of heat, h„ for coptier eteam | 




pipe.s, heated iimide. 

• 



10 

19000 

13470 

9500 

7714 

6730 

6012 

4912 

4290 

3570 

15 

15.580 

11000 

7713 

0333 

5495 

4910 

3950 

3408 

2833 

.20 

13470 

9.500 

07.30 

0490 

4750 

4220 

3408 

3007 

2455 

25 • 

I'JflOO 

8520 

0012 

4910 

42,50 

3800 

3100 

2687 

2190 

, 30^ 

11000 

7714 

54i)0 

4510 

3875 

3408 

2835 

2455 

2004 

35 

10190 

7272 

4900 

3900 

3500 

3200 

26.10 

2270 

1850 

40 

9500 

07.')0 

47.50 

3875 

3363 

8007 

2455 

2110 

1743 

45 

8950 

0333 

.1510 

3000 

3165 

2835 

2300 

2004 

1610 

50 

S5.»(l 

0012 

4253 

3408 

3007 

2087 

2190 

1900 

1558 

60*" 

771^ 

5490 

3875 

3170 

2740 

2455 

2004 

1743 

1415 

70 

7200 

5080 

3000 

2930 

2540 

2270 

1890 

1610 

1310 

80 

0730 

4750 

3303 

2740 

2375 

21*25 

1711 

1490 

•1225 

90 

03 lO 

4510 

3170 

2580 

2245 

2004 

1610 

1410 

1157 

100 

0012 

4290 

3007 

2455 

2135 

1900 

1.558 

1364 

1100 

125 

5714 

3800 

2687 

2191 

1820 

1700 

1390 

1202 

982 

160 

4910* 

3408 

24.55 

2004 

1743 

1555 

1266 

1100 

905 


The thickness of metal of the copper tui)es is taken at alajut 2 mm. 

For wrought-iron pipes, about 3’5-4 mm. thick, the coefficient^ 

k, =*0’75 of that for copper. 

„ oast „ „ „ 10 mm. thick, the coefficient, 

k. = 0'50 of that for copper. 

„ lead „ „ „ tlO mm. thick, the coe^cien^ 

k. = 0 45 of that for copper. 


In determining the dimensions of the heating surfaces of apparatus 
for the evaporation of water, the coefficient, fe-. should onlv bo taken 
at about § of the above values, ».«.,• 
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For copper tubes - • 0’66 of the figures in the table. 

„ wrought-iron tubes • 0'60 „ • „ „ 

• „ cast-jron tubes - - 0 33 „ ,, * „ 

„ lead tubes - - - O’fiCT „ „ „ 

For liquids which contain 10-25 per cent, of solid matter in 
solution, the coefficients, are oily about i as large as those just 
given, i.e., 

For copper tubes - - 0’5 of the figures in the table. 

„ wrought-iron tubes - 0 4 * „ „ 

„• cast-iron tubes - - 0‘25 „ „ „ 

,, lead tubes' - - - 0-225 „ „ „ 

The equation (44) may now be somewhat transformed. Multi-, 
plying numerator and dehominator by J-tr, the expression under the 
square root sign becomes equal tq the; heating surface, thus 

. - - . • • 

•19001900 V’T 1900 X 1-772 _ 3367 

“ Jdl " Jdwl ~ JIIT JX ' 

If we now insert this value for k, in the equation for the total 
transmission of heat by the surface H ,— 

C = k„ 

we obtain . 

C = 3367 .(46) 

• 

which may be expressed in w'ords: the heat transmitted in unit time 
by the surface, H„ is proportional‘to the square root of the surface. 

As has been said above, this equation is not quite correct, but 
the efficiency of larger surfaces is somewhat greater, and of smaller 
surfaces somewhat smaller, than would correspond to the equation. 
But the results obtained by its means, of all known to the writer, 
agree most nearly with the reality. 

Having regftrd to the diminution in efficiency caused by incrusta¬ 
tions,jjncomplete removal of air,i6to., we may take for the calculation 


of the actual heating surfaces the equations 

‘ C = 2200 6„Jh, .(4-7) 

“ . - (wj ;-. 
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TCbich may be. applied with some coufidenoe to copper heating tubes 
for the evaporation of^water. 

Table 13 has been calculated by means of these equati<«}s, it 
gives the number of kilos, of yater evaporated in one Mbur by copper 
tubes of 10-160 mm. diameter and 2-40 mm. length, with 1° difference 
in temperature between the steam and boiling water.* This table 
will serve for the rapid calcfllatisn of the proper dimensions of the 
beating tubes in any case under*consideralion. 

With sufficiently short tubes the real temperature difference, Bn, 
to be expected, is only about J.0 per cent, less than the calculated. 

If not water, but a thin solution of 10-25 per cent, strength is to 
be evaporated, copper coils give about 0'75, wropght-iron about 0'6, 
cast-iron about 0'4, and lead about 0-33 of the results quoted in the 
table. 

I’rom viscid, thick and crystallising liquids, containing very little 
water, the hourly evaporation of water by means of heating coils 
is miJoh 8u*llen» viz., for copper about 0'5, wrought-iron about 0-40, 
ca^t-iron about 0'26, and lead about 0'225 of the wmghts given in 
Table 13. 

Steam at a pressure of 3-4 atmospheres, in narrow and not too long 
copper coils, is found in practice to evaporate to the atmosphere 
about 100 litres of 'vater in one hour per 1 sq. m.; with very small 
heating surfaces more (up to 130 litres), and with larger, less. 

With 1 sq. m. of heating surface, heated by* steam at 3-d atmos¬ 
pheres, 800-1200 litres of water may be heated in 1 hour from 10^ to 
100° 0. when the water is not specially moved, yet the efficiency of 
the heating surface varies greatly and depends on the velocity of the 
steam (see Chapiter XXL). 

B, The Dimensions of Steam Tubes (Coiis). 

• 

The ratio of the diameter to the length of a tubular heating 
surface is far from being without influence on the proper action 
of the surface. In very long pipes, in which the steam moves with 
groat velocity, the pressure falls considerably towards the end} aniT 
thus the available temperature difference sinlis appreciably. ^ 

When the steam enters at high velocities the coefficient of trans¬ 
mission of heat is greater than when the velocity is lower, but the 
pressure and temperature, which, sink rapidly in the first'“case. 
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Table 13. 


Heati^ surface, JJ„ in sq. m., and hourly eva^raratioi^ of water, W, 
of copper.heating tubes of 10-150 nmi. diameter and 2-40 m. 
length, with T C. difference in temperature. 
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diainish the temperature difference to such an extent that the heat 
transferred per sq. m., with an excessive initial ^elocity of the steam, 
is really smaller than when it retains its full pressuso to the end 
of the pipe. • , 

The connection between diameter and length of tube, velocity and 
pressure of steam, may be explained in the following manner:— 

The heat passing through the 'walft of a steam tube into the 
surrounding boiling water is equal to ihe heat set free by the con- 
d«nsation of the steam. Thus we have the equation: 

22006i„ ^|(hl = *^>,360007.(49) 


____„_leter of the tube, I its length, the velocity 

of the steam on entering the tube (all in m.), o the heat of evapora¬ 
tion of 1 kilo, of steam, y the weight of 1 cub. m. of steam, the 
difference in temperature.* 

By a transformation of this equation (49) wo obtain the onniieetion 
between the length and diameter of Ihejiubo. 

vjimcyd J-r lyyd 

“ 40200 0 „ • • • • 



The external surface of the tubes should have been taken here as 
the heating surface, but in equation (60) the thickness of the metal 
was neglected in order to obtain a compact formula, the internal 
diameter ,of the tube* being taken as equal to the external. This 
inaccuracy makes the calculated lengths of pipe about 10 per cent, 
too great, which must be remembered in applying equation (50). 

The velocity with which the steam euter.s is conditioned by the 
dimensions of the tube, the difference in temperature and the fall 
in pressure in the tube. The latter cannot, however, well be calcu¬ 
lated, not even by means of equation (143), which does not hold good 


"“^r complete condensation^ thus the proper ratio, cannot be found 


with certainty from equation (50). It must suffice to assume the 
greatest advisable length of pipe from the results of experiment. 

• TI|b lower the pressure of tfie steam, and the greater the tem¬ 
perature difference between steam and boiling liquid, the shorter 
must the tube be. For differences in temperature of 3G’-iO° C., the 

following values of tlie ratio are suitable:— 

.a ° J 
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Absolute pressure 

of steam, atmos., ,6 4 3 2 1'5 1'25 0'8324 0‘468 

j- = 275 250 225 200 175 150- 125 ’ 100 

a • 


For any other diffei enoe in temperature, the highest vatue of the 


ratio J- is then 


h. =. _®L 

^1 d J i),„ 

For the sake of oonvenifenoe in calculation it may be stated that 
the values of 0-725cy for the above steam pressures are 

997, 817, 631, 438, 340, ‘ 288, 203, 116. 
• If the steam is to be used in the heating tube at its original high 
pressure, and, consequently, its highest temperature, it must not be 
throttled on entering the tube. The valve admitting the steam must 
be of fair^im^nsions. , 

If the highest available steam pressure is required to be exerted 
in the coil, then the velocity of the steam on entering may be 30 m. 
If, on the other hand, a certain fall in pressure from the main steam 
pipe to the heating tube is permissible, the steam may enter with a 
velocity of 50-()() m. The latter is regularly the case, when the 
available steam pressure is higher than is required in the ooil. 

Table 14 may assist in the choice of the steam valve., Imitare 
given the weights of steam at different pressures which pass in one 
hour with a velocity of 30 m. through valveBrf)f 10-350 mm. diameter. 
For higher or lower velocities the weight of steam admitted is natur¬ 
ally proportionately.larger or smaller. 


Example .—^The dimensions of a steam ooii ate to be determined, by which In 
one hour 300 kilos, of water, or 800 kUos. of dilute alcohol (50 pci cent, by weight), 
or 800 kilos, of ether, can be evaporated, when the available steam is at a pressu'.^^ 
of 4 or 1*26 atmos. absolute. * 

The beat of >'vaporation of 1 kilo, of dilute alcohol vapour of SO per cent, strength 

375 

by weight is S76 calories, i.c., as large as for gjg =■ 0-7 kilo, of water. Thus, in re¬ 
gard to the consumption of heat, 800 kilos, of the vapour of water -h alSShol Sre 
equivalent to 210 kilos, of steam. 

The beat of evaporation of 1 kilo, of ether is 97 oalocies, thus 800 kiAs. of 
ether are equivalent to 

97 

300 iTR =■ 64 kilos, of steam. 

640 , • 

4 
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< Table 14. 

The weight of steam whioh enters with the veloofty =» 30 m. and at 
<• mm. diameter, without 


£ Ji 
§ ° 

I 3 

I i 

I I 
aj <1 

Steam 

temperature, ®C. 

Diameter 

10 

15 

20 

25 

80 

i 

40 

45 

50 

55 

60 

. 





t 

Weight of steam, in kilos, per 

1-00 

*100 

‘ 5 

12 

20 

82 

46 

63 

82 

103 

126 

154 

184 

1*25 

106 

(M 

r4-3 

25 

40 

87 

78 

101 

132 

168 

191 

278 

1-50 

112 

7-6 

17 

30 

47 

f)8 

92 

120 

164 

188 

227 

270 

2 

121 

10 

23 

39 

68 

88 

120 

157 

200 

245 

298 

355 

2-5 

128 

12 

29 

48 

76 

110 

149 

194 

245 

304 

367 

438 

3 

184 

14 

32 

66 

89 

128 

173 

225 

285 

353 

428 

610 

4 

144 

19 

43 

76 

130 

170 

231 

300 

280 

471 

670 

680 

6 

152 

27 

1) 

53 

93 

146 

-210 

285 

372 

472 

583 

70.6 

.841 


Thus there are to be evaporated ' 

300 kilos, of water, 300 kilos, of aloohol + water, .300 kilos, of ether. 


or 

300 „ 

210 „ 

water, 

64 „ 

, water. 

The boiimg 






point is 

100*^ 

92-5° 


37° 



(a) Nor saturated steam at 3 atmos. (= 4 atmos. absolute) the temperature 

- urfi. 

The temp. (iifl. 

is thus 44° 51'5» 107° 

We shall assume that fn realitj the temperature difference is ahout 10 per 
cent. less, 

U, 40° 46° ■ • 96° 

For 1° temperature differenoe the heating tube mast evaporate 


= 7‘6 kilos., ^ = 4-56 kilos.. 

From Table 18 we now Snii that there is required 
1 tube of 60 mm. x IS m. 40 mm. x 10 m. 

= 3'62 sq. m. 

46 mm. x 7 m. 

= 1’92 sq. m. 

30 mm. X 4 m. 

= 1-29 sq.*m. 


or 2 tubes of 

* 

or 8 „ 


= 1’35 sq. m. 
26 mm. x 4 m. 

' = 0‘72 sq. m. 


I = 0-806 kilo, of water. 

10 mm. X 0'6 m. 

= 0'026 m. 


(b) For saturated steam of 0'25 atmos. 1'26 atmos. absolute) the temperature 
= 106-38° 0. 


The temp. 
diS. is 


A3-88‘ 


69-38' 










THE DIMENSIONS OF STEAM TUBES. 
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Table U.’ 

pressures of 1-5 atmSs. absolute in one hour, through valves of 10-350 
sensible lossW pressure. 


X 


of the steam valve in mm. 

66 

70 

80 

90 

100 

m 

160 

175 

200 

250 

300 

350 

hour, which entem with a velocity of BO m. 



• 



316 

250 

325 

413 

506 

802 

1144 

1560 

21.92 


4576 

6254 

267 

.320 

Ksn 

627 

632 

993 

1422 

1932 

2629 

’8972 

5688 

7745 

W. V 

367 

429 

667 

752 

1172 

1679 

2292 

8000 

4686 

6714 

9188 

E 'It 

4S3 

628 

795 

980 

1633 

2209 

3014 

3033 

6148 

8816 


li W 

696 

774 

980 

1214 

1895 

2726 

371J 

4862 

7000 



R ^ 

693 

900 

1144 

1412 

2209 

3180 

4406 

5764 




Ir iu 

926 


1520 

1881 

3004 

4254 

.5820 





K 

1143 

1485, 

1888 

2332 

3704 

3247 






pm 


r 







• 

• 




The reftl tomi^ratare {llSeraaoe is again assumed to be about 10 per cent. 

less. 

M., 5‘5® 12® 63® 

Thus for 1 temperature dlHerenoe the hot tube must evaporate 

^ - 54*6 kilos. ^ = 17*6 kilos. ^ 0*86 kilo., 

From Tabic 1.^ we now find there are required 

. 

3 tubes oi 1.50 mm.-x 40 m. 1 tube of ISO mm. x 39 m. 1 tube of 10 mm. x 1 m. 



s= 67 sq^m. 


• = 19*1 sq. m. 

0*04 sq. m. 

or 4 „ 

150 mm. X 24 m. 

2 tubes of 100 mnu x 15 m. 

_ 


= 47 sq. m. 


= 9*9 sq. m. 

— 

or 6 „ 

100 mm. X 15 m. 

8 , 

, 60 mm. X 11 m. 

— 


= 29*7 sq. m. 


St 6*6 sq. m. 


or 8 „ 

80 nim. X 12 m. 


— 

— 


= 25*8 sq. m. 


— 

— 

or 15 „ 

40 mm. X 6 m. 


_ 

— 


- 12*2 sq. m. 





A heating surface for evaporating may be constructed to oopsist 
of a single tube, diminishing in diameter towards the end either 
gradually or in steps, or of several parallel tubes, the rmnber of 
■which is diminished towards the end (e.g., from 4 to 3, to 9, toT.). 


























S2 fiVAPOEATING AND CONDENSING APPARATUS. 

Dhe researches published up to the present show that the ooeffi- 
oient of transmission for such heating surfaces^ is not less than for 
short tabes of equal length of the same section throughout. 

Since, however, as soon as the length becomes somewhat con¬ 
siderable in proportion to the diameter/Z = 600 d to 800 (i),the 
pressure of steam in the tuba sinks to a great extent towards the 
end, the difference in temperature between steam and liquiS also 
siAks inconveniently, and the evaporation per sq. m. becomes small. 

Short tubes of relatively small diameter make the most efficient 
heating surface 



Fip. a 

Example ,—An aotoal oase (see Fig. 6). Eight equal horizontal brass tubes (70 
per cent, of copper), of 10 mm. bore, 12 mm. external diameter and 3000 mm. 
length, supplied with steam at lll'O® C. on enterii^, 103*2® C. on leaving, evapor¬ 
ated in one hour at 1(H)® C. 141 litres of water, originally at 28®. The total 
heating surface is H, » *90 sq. m. 

The difference in temperature at the beginning i:: » 11*9®. 

„ „ end is = 3*2®. 

The mean temperature difference would be obtained from Table 1: (since 

■ = 0-269), 9„ = 0-56 X 11-? = freS". 

Since, however, the first portion of the heating surface is larger than the 
second, Sn must be. taken as 7-1°, henoe the observed coeffioient of transmission, 

, 141(688 - 28) 

It, = — — = 18,600 approx. 


The avei-age heating surface for 1 tube is = 0-112 sq. m., from whiob we 
obtain the calculated ooeffieient (by equation 46), 

8367 


k.- 


n/0-112 


10 ) 100 . 
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C. Evaporation and Heating by Means of Double Bottoms 
and Wide Jackets. 

Steam admitted to doubfe bottoms or wide oylindrioai jackets, 
the other surface of which is in contact with boiling liquid, does not 
pass over the whole heating eurface as regularly, and is not forced on 
to the heating surface in the samtf manner, as in a coil. Immediately 
after it enters the wide space, the steam spreads and takes the 
shortest path to the open. This is probably the reason why lie 
results of experiments on e'faporation in jacketed pans do not show 
a regular relation between the transference of heat and thS size ol 
the heating surface, which was the case with treating coils. Large 
apd small jacketed pans give almost the same transference of heat. 
The published values for k. vary greatly, t^ey range from k, =■ 1300 
to k, = 3300. The chief cause of the variation is probably the 
inccunplete removal of air. On an average it may be taken that, 
in evaporating water in a copper pan with a double 6»ttom or jacket, 
k*^ 1400 to IbOO; for bottoms up to l,m. in diameter k, = 1800, 
from 1 to 1'3 m. diameter k, = 1700, from 1-5-2 m. diameter 
k,. = 1600, and for larger pans k, = 1400. The transmission of heat 
by copper double bottoms for the evaporation of water is thus:— 

0 = H„1400 to HU800 .(51). 

In the case of small pans up to 1 m. in diameter, th6*m6an 
difterence in temperature during boiling may be assumed to be about 
0'85 of that at the steam entrance; with pans of 1-2 m. diameter about 
0'75, and with larger pans about 0'65 of the same amount. But all 
these figures are scftnewhat variable, and it is not yet possible to 
ascertain what causes produce, now a larger, and then a smaller, 
fall in pressure in the doable bottom in each case. The distance 
fwm the boiler, the bore of the steam pipe,.the loss of heat in it, thtT 
kind of pan, the form and nature of the steam entrance and its width 
all play a part. 

With steam at 3-4 atmospheres .pressure in the boiler it will be 
found that, in an open pan with a doable bottom of about 1^ sq. 
m., 80-100 litres of water are evaporated insane hour per sq. m. (jorn 
quite dilute solutions. In larger pans the efficiency is somewhat 
smaller. In this case it is very ad^sable to arrange several entrances 
for the steam, by which the efficieoey is oonsiddrably increased. 




6f Waporating and condensing apparatus. 

By means of equation (61) the following figures have been oalou- 
lated, showing how great an evaporation of waiter per hour may be 
oxpeoted with popper double pans of 500-3000 mm. d&meter, with 
one steam entranoe and steam pressures'of 2-5 atmospheres absolute. 

Diameter of the bottom in mm. 

500 800 1000 1250 1500 1750''2000 2250 2500 2750 3000 

Depth of the bottom in mm. 

200 300 400 500 550 600 600 700 800 900 1000 

Heating eurlaoe of the tiottom in sq. m. 

e'33 0-79 1-26 2-02 2-7 3-62 4-3 5-5 6'8 8'610-36 

Atmos. 

abs. Water evaporated in litrce per hour. 

. f2 18-5 44 56 95 127 163 190 193 238 297 360 

II3 30 62 92 159 212 271 300 315 388 488 590 

ijl 44 104 132 209 280- 358 400 420 503 627 766 

® 15 50 IIT' 156 248 330 421 500 525 b83 ' 726 888 

If 2-4 steam inlets are" provided for the largtir pans, the hourly 
evaporation may be half as much again as here given. 

A’-compic.—It was observed that, in a double-bottomed pan of 3450 mm. 
diameter (11-2 sq. m. heating surface), in one hour there were evaporated by 
steam of 2-2-5 atmoe. absolute pressure 1200 litres = 107 litres per sq. m.; 
by steam of 2-5-3 atmos. absolute, 1500 litres ^ 134 litres per sq, m. (four steam 
entrances). 

If the water in a double pan is not boiling, but is only to be 
warmed by the steam, on account of the low temperature of the water, 
the difference in temperature between steam and water is considerably 
greater than when the water boils. The pressure of the steam then 
usually falls considerably even at the entranoe, and when the heating 
commences is often zero'at the side opposite the entrance. As the 
temperature of the water rises, the pressure of the steam in the steam 
space also increases. It may be assumed that the mean difference in 
tfmperature 6„, between steam j,nd water during the whole period 
of heating until boiling commences, is about half the difference 
between the temperature'of the hot steam, t^, and that of the liquid 
at first, tf 
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The coefficient of transmission, haying regard to incrustations, 
is = 1400. 

Thus, dilring the period of warming, the following quanJhies of 
heat are conveyed to the ribn-boiling liquid in one liour through a 
copper double bottom heated by steam:— 

G - imH$^ = mH(t, -t,) .(52) 

to c = i8oo^re>„ = 900jff(ta - g, 

from which the heating surface may be calculated for any case. 

In most cases, in which steam of about 3-5 atmospheres pressure 
(130°-160° C.) is supplied to the pan, 1000 litres of water can be 
heated in one hour from 10° to 100° 0. per 1 sq. m. of double bottom. 
If the liquid to be heated is thicker and less m'obile than water, only 
smaller efficiency can be expected. As the example in Chapter 
VII. shows, the transmission of heat increases as the temperature 
of the liquid rises. 

* Examfiles.-tThei following are actual observatlone;— , 

720 litroB ot water were heated from 13° to 100° 0. in 28 mins, by 1'2 sq. m. (diameter 
* of pan 1000 mm.) by means of steam at SJ atmos. pressure, i.e., 12Ha litres 
per sq. m. per hour. 

640 litreB ot water wore heated from 12° to 100° 0. in 30 mins, by 1'2 sq. m. (dia¬ 
meter of pan 1000 mm.) by means of steam at 3q atmos. pressure, t.e., 1068 
litres per Hi! m. per hour. 

89-6 litres of 'vator wore heated from 20° to 100° C. in 16 mins, by 1-45 sq. m. (dia¬ 
meter of pan 340 mm.) by means of steam at ^ atmos. pressure«i.e., 746 
litres per oq. m. per hour. 

1075 litres of water wore heated from 19-26° to 100° C. in 47 mins, by T5 sq. m. 
(diameter of pan 1295 mm.) by means of st^am at 3J atmos. pressure, i-e,, 
921 litres pet sq. m. per hour. 

4200 litres of mash wqpe heated from 62-6° to 100° 0. in 45 mins, by 4-6 sq. m. 
(diameter of bottom of pan 2460 mm.) by means of steam at 100° to 139° 0. 
in the double bottom, i.e,, 970 litres per sq. m. per hour. 

6000 litres of mash were heated from 65° to 100° C. in 20 mins, by 5-8 sq. m. (dia¬ 
meter of bottom of pan 2450 mm.) by means cl steam at 3-5 atmos. absolut5)‘' 
4.S., 2596 litres per sq. m. per hour (two steam inlets and stirrer). 

21,000 litres of wort wore heated from 68-5° to 100° 0. in 50 mins, by 11-2 sq. m. 
(diameter of bottom of pan 3400 mm.) by means of steam at 3-5 atmos. 
absolute, i.e., 2256 litres per sq. m. ;er hour (four steam inlets). —— 



OHAPTBS IX. 

EVAPOBATION IN A VACUUM. 

A VACUUM apparatus is a dosed vessel, heated by steam, or more 
rarely by fire, and in which a lower pressure than that of the atmos¬ 
phere is maintained by suitable arrangements. The diminished 
pressure—the vacuum—is obtained by leading the vapours, evolved 
from the liquid which is evaporating m the apparatus, through the 
shortest possible ^ipe into a second closed vessel—the condenser— 
where they are ptecipitatad directly by a jet of water or on well cooled 
metallic surfaces. 

In completely closed vessels a diminution of pressure, a vacuum, 
a partial absence of air, or even a perfect vacuum, would arise 
through the liquefaction and disappearance of vapour alone, if air 
did not always enter from the evaporating liquid, the injected water, 
or by l^kages (always present) in the walls of the apparatus. Since 
this air must be removed, an air-pump is always essential with a 
vacuum apparatus. 

A vacuum may be indeed obtained by condensing the vapours 
evolved from a closed vessel, but it -will soon be decreased, since air 
enters from the liquid, from the water and through leaks. Without 
pumping out the ait, a lasting vacuum cannot be obtained. 

__ The dimensions of the pipes, condenser and air-pump will be 
treated in later chapters. 

A vacuum apparatus may be made of any resistant form; spherical, 
egg-shaped, cylindrical, conical; it may be made of wrought-iron, 
on^Iiqi], copper, brass, lead or tin, also of earthenware, glass or 
^roelain; it may be heated by steam (coils, double bottoms, systems 
of tubes), by hot liquids, or it may stand on the open fire. Bver 3 rthing 
:depcnd3 on the properties of the material which is being treated and 
&ft.*esB!ts to be obtained. 
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Since a portion of the liquid, which is drawn into the vaouam 
apparatus, is evapotfcted and the residue remains, the capacity in 
most cases ndhd not be as great as the volume of the dilate 'Kquid 
to be evaporated within a definite time, but only sufficiently large 
to contain the evaporated liquid. In order to preserve a constant 
level in the apparatus the ^lute liquid may be fed in as required. 
There are, however, ocoasionaj oases in which it is not permissible 
to feed after the commencement, the contents of the apparatus must 
then be equal to the volume of the dilute liquor. ’ 

Tlie proportion of the heating surface to the capacity depends on 
the object of the vacuum apparatus. For many liquids it is desirable 
to keep them in the vacuum as short a time as possible; large 
heating surfaces and a small capacity will then be used. In othei 
cases, in ordei' to obtain crystals, the charge may be graduallj 
increased. Experience must here be the guide as to the proportior 
of heating surface, which depends on the duration of crystallisation 
no universal iSile can be made, except that the capacity should bt 
a*rauged to correspond with the desired output, and the heating sur¬ 
face with the time in which a definite amount of water (or of liquid 
is to he removed from the contents. 

The first ad''aHtageof evaporating in a vacuum over evaporatioi 
at atmospheric pressure is that in vacuo all liquids boil and evaporafe 
at considerably lower temperatures than under atmospheric pressure 
thus there is a greater difference in temperature between the heatinf 
steam and the boiling liquid, and, consequently, a much greatei 
transmission of heat per sq, m. of heating surface. In fact foi 
heating purpose in vacuo steam of^very low pressure, at 100° 0. oi 
lower, may be used with great success. The exhaust steam fron 
engines and other sources may be profitably utilised, for since tb« 
boiling points of most liquids are 40° C., or more, lower in vacuo, there 
is nearly always sufficient difference in temperature. 

Liquids, which boil at higher temperatures (180°-200°-210° C.), can 
generally not be evaporated under atmospheric pressure by means 
of high pressure steam, since steam yvould be required of such high 
temperatures, and, therefore, high pressures, that its appli^ibS 
would be inconvenient, if not dangerous.* The boiling pointy of 
these liquids fall, however, in the vacuum apparatus, so that steam 
of moderate pressure, as generally employed, may be used. In a 
vacuum, rapid evaporation may be expected if there is a "difference 
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in leraperature of 10° C., or even,of 6° C., if the liquid is not too 
viscous. * 

The vapour pressures of liquids in a vacuum (and udder pressure) 
may be calculated by means of a rulb found by U. Diihring and 
published by B. Diihring in Neue Orundzurje zur rationellen Physik 
und Chemie, Leipzig, 1878. This rule, phich does not appear to be 
quite reliable in all oases, runs:— • 

The difference between the boiling points (t, and Pf) of a liquid at 
afiy two pressures, divided by the difference between the boiling points 
{t„ and Pf) of any other liquid at the samK two pressures, is a constant 
q for time two.liquids: 



(53) 


Erampk .—The boiling joint of mercury is C. at 1 utmos., ‘iiJD C. at 
100 mm. pressure. The boiling point of water is 100° C. at 1 ntmos., 52° C. at 
100 mm. pressure. 


Then j 


S57*- 261 
100'- ,52 


48 a 


The boiling point of mercury is 214'5“ C. at 80 mm. pressure, 154'4 C. at 
S mm. The boiling point of water is 201° C. at 30 mm. ami 1'2“ C. at -5 mm. 
pressure, hence 


214-5 - 154-4 _ 

7 “ 20-1 - 1-2" ■■ 27-0 - 


Similar results are obtained for other pressures and liquids. 

The inaccuracy of the constant j is perhaps to be referred to insuilieieiit 
knowledge of the boiling points. 

Thus, if the boiling point of one liquid be knotvn at two pressiues, 
the boiling point of another liquid at one of these pressm-es, and also 
the constant q for these two liquids, by means of this rule the boiling 
•point of the second liquid.at all other pressures may be calculated. 

Now if water be taken as the standard liquid, since its boiling 
points at different pressures are most accurately known, and, further, 
if 1 atmos. absolute be taken as ope of the common pressures, since 
tM*fS6iling points of most liquids at this pressure have been carefully 
determined, then by means of this rule we can calculate the boiling 
points of all these liquids for all pressures, for which the constant q 
is known, or we can calculate the ’constant q for all the liquids, of 
wiucH the boiling poinkhas been observed at a aecond pressure. 
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Let tf = the boiling point of one liquid at a pressure of 1 atmos. 
absolute, 

=■ the required boiling point of the same liquid at another 
pressure, 

t, = the boiling point of water at 1 atmos. pressure, 

= „ » , .1 At the other pressure, 

then </ - ty = j(l00 - /’,) 

or t\, = t, -*5(100 - t‘„).(54} 

•l 

EvampU .—The boiling point of alcohol at a pressure of 1 atnjos. is if 
Cm that of water at 60 mm. pressute is :=40® C., the constant for alcohol is j = 
O’DOI (Diihring), thus the boiling point of alcohol at 60 ram. pressu»e is 
t\ = 78*26 - 0*904(100 - 40) = 24*02"<J. , 

,Tlie constants q for about forty different liquids are given in 
•Diihring’s book (see above), by means of themJTable 15 has been calcu¬ 
lated, it gives for a number of liquids the boiling points under several 
dimiiyshed pressures, viz., at vacua (jf 526, 611, 710 and 750 mm. 

Table 15. 


The boiling points of certain liquids at vacua of 526, Cl 1, 710 
and 750 mm., calculated by Duhring's rule. 



Con¬ 

stant. 

? 

760 mm. 
abs. 

230 mm. 
ab^. 

5*20 ram. 
vac. 

139 gun. 
abs. 

611 ram. 
^vae. 

50 mm, 
abs. 

710 mm. 
vac. 

10 gnu. 
alls. 

750 mm. 
vac. 



• 

Boiling points, Pr. 


Water ----- 

__ 

100 

70 

60 

40 

10 

.\lcohol - - - - 

0-901 

78-26 

51-14 

42-1 

24-02 

-3-1 

Ether ----- 

1-0 

34-97 

4-97 

-5-03 

-26-02 

-55-09 

Acetic acid ■ - - 

1-161 

119-7 

84-68 

• 73-17 

49-84 

15 

Benzene - ■ - - 

1-125 

80-36 

46-61 

35-36 

12-86 

-20-9 

Turpentine (oil of) - 

1-329 

159-15 

119-28 

106 

.79-81 

29-54 

Butyric acid - - - 

1-2-28 

161-70 

124-86 

111-6 

87-02 

51-2 

Glycerin - - - - 

1-25 

290 

*252-5 

240 

215 

177 

Mercury - - - - 

2 

357-25 

297-25 

,277-25 

237-25 

177-25 

/S-Naphthol - - - 

2 

290 

23D 

210 

170 

no ’ 

Carbolic acid- - - 

1-2 

178 

142 

130 

104 

70 

Cresol ----- 

1-2 

190 * 

154 

145 

118 

8M 


_ 

« 


« 
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The lecond great advantage of evaporating in a vacuum is tbat ibe 
liquid does not become as hot as at atmospbtfrio pressure, and that 
also^e heating surfaces, since steam of a lower prbssure is used, 
remain at a lower temperature—botif great advantages, and even 
necessary for certain industries which deal with organic materials, such 
as milk, blood, gelatine, albumin. Th^e substances require, if they 
are not to turn brown, or coagulate, not only that they themselves 
shall be evaporated at a low temperature (60°, 50°, 40° C.), but also 
that the heating surface shall not be too hot, in fact, shall not 
exceed certain'limits which are differeat for each liquid. Now, as 
we have always observed, the side of the heating surface in contact 
with the liquid ,is always at a lower temperature than the side in 
contact with the heating medium, so that the latter may be somewhat 
warmer than the liquid may become, since the liquid never attains 
the highest temperature.’ This is, however, only the case when the 
liquid moves rapidly over the hejiting surface, so that its molecules 
have not time te attain a higher temperature and be'inju/ed thereby. 
Stirrers and violent ebullition afford a good protection against lotal 
overheating in liquids; however, these means are often insufficient, 
and then the best method consists in keeping the temperature of 
the steam so low that no damage may be done under the most 
unfavourable conditions. This result is achieved by the evaporation 
apparatus of C. Heokmann, Ger.' Pat. No. 60,588. 

The 'transference of heat between steam and liquid in vacuo is 
greater than at ordinary pressures, corresponding to the greater 
difference in temperatifte. Equation (47; may be used to calculate 
the heating surface, consisting of tubes containing steam, for vacuum 


evaporating apparatus— H, 



Table 13 gives the evaporative efficiency of copper heating coils 
for vacuum apparatus also. 

In the case of double bottoms it may be assumed that the trans¬ 
mission of heat takes place in vacuo according to equation (51).. 

G.^EOJi .. (61) 

•' . ♦ 

For water, k, = 1600; 

„ thin liquors, h, = 1200; 

. „ thick „ fc, = 900-500. 


in Which, 
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Esperienoe.ehowa tihat in a vaounm apparatus at 6S0 mm. Taeuutlt, 
there are evaporated in one hour per 1 sq. m. of heating surfaoe 

With exhaust steam at 110° 0., from water • - 1,00-110 irtres. 

„ „ „ „ „ thin liquors - - 60- 70 „ 

„ „ ..thick „ - - 30- 45’ „ 

„ high pressure steam at 160° Q., from water - 130-175 „ 

I. „ .■„ thin liquors - 80-100 „ 



CHAPTEB X. 

THE MULTIPLE EFFECT'EVAPOBATOR. 

The processes ^%hioh occur in a multiple evaporator, both in regard 
to the efficiency and the consumption of steam, are somewhat more 
oomplicated than in a simple evaporator, and not at first sight 
comprehensible. They 'Will, therefore, be treated at some length. 
In considering these evaporators there are two questions of principal 
importance, which will be dealt with ij the present clKipte*:— ' 

A. How iiiuch water is converted into steam in each separate 
vessel of the multiple evajwrator, and how much heating steam does 
each consume ? 

B. What is the composition (percentage of solid or dry matter) 
■of the liquor in each vessel ? 

' , A. The Evaporative Capacity of Each Vessel 

depends on the following conditions:— 

1. The temperature and pressure of the heating steam. 

2. The temperature and pressure of the steam produced in each 

separate vessel. 

3. The extent to which the liquid is to be thickened, and its 

specific gravity. 

4. The nature of the liquid, with regard to the ease with which 

it evolves steam. 

5. The height of the boiling layer of liquid in each vessel. 

6. Whether steam is withdrawn only from the first, or also from 

the following vessels (“ extra steam,’’ which may be used 
for heating other apparatus). 

7. Whether the condensed water, from the steam used for heat¬ 

ing, is separately removed from each vessel or whether it 
‘ all leaves with the temperature of .*he last vessel. 
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It will be assumed at first that the liquid to be evaporated‘is 
iiitroduoed into the first vessel at the temperature therein prevailing, 
so that no expenditure of heat is required for raising the tempef<4ture 
in the first vessel. 

It will be at onoe seen that the influence of all the •above- 
mentioned conditions on thg evaporative capacity cannot be ex¬ 
pressed in figures, if the results of‘experience and experiment are not 
especially employed to assist, llowever, the conditions of each case, 
though expressed definitely in figures, may change so entirely and 
produce so many variations, *that conclusions applicable in all oases 
cannot be drawn from a few cases, without great inacouj-acy. 

The process of evaporation is as follows;— 

The steam from the liquor in the first vessel, Dj, produced by 
the'action of the hot steam, Dg, which is supplied externally, passes 
into the heating chamber of the second vessel, there in its turn 
produces vapour from the liquid, jnd is condensed, escaping with 
the te'mperature,«t„ 2 , prevailing in the lower part of to liquid in that 
eeqpnd vessel. The weight of liquid, W, which has lost the weight 
of water. Dp by evaporation in the first vessel, and which, con¬ 
sequently, now weighs W - D,, passes, at the mean temperature, 
t„p of the first vessel, into the second vessel, in which the mean 
temperature is only t,„„. Thus, in cooling from <,„i to t „2 it must 
form steam, 1' c„ be the total heat of the steam in the second 
vessel, then by reason of the hotter liquid entmng from Uie first 
vessel 

^ ~ A‘‘2l .(55) 

kilos, of steam must be evolved. 

In the second vessel steam is thus evolved both by reason of the 
heat of the hot liquid itself and also because of, the steam, D,, coming 
from the first vessel. 

In the third vessel steam is produced both by the heat of the 
entering liquor (W ~ - Dj) and also by reason of the heat of 

the steam, D^, which is the total steam produced in the setswir' 
vessel. 

In the fourth and following vessels similar actions are produced, 
so that, in addition to the repeated action of the hot steam, there 
is also the repeated action of the steam produced by the decrease 
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ifi temperature of the liquor. Since 1 kilo, of steam at JOO” C. contains 
more heat than 1 kilo, of steam at 60“ C., it follows that 1 kilo, of 
hot, steam at 100° will produce more than 1 kilo, of steam at 60°. 
Neglecting the effects of higher boiling points and high columns of 
liquid, and considering simply the action of the steam, we find that 
1 kilo, of steam, evolved in one vessel, must always produce more than 
1 kilo, of steam in the next vessel, since the total heat (sensible and 
latent) of the hot steam is used, minus the quantity of heat carried 
uway in the condensed water, the temperature of which is equal 
to that of the ■boiling liquid in the second vessel. In order to produce 
1 kilo., of steam from this boiling liquid, there is thus required the 
heat proper to 1 kilo, of steam minus the quantity of heat contained 
in the hquid. 



This purely schematic process suffers alterations by reason of 
' UIJO conditions enumerated above. 

Although, as we shall see later, the somewhat complicated for- 
•mulee, based on the principles just laid down for estimating the, 
evaporative capacity of each single vessel, have no great practical 
value, yet they will fee given here. 
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Figs. 7 and 8 give diagrammatic pictures of double and triple 
effect evaporators, in‘which the subscripts represent the conditions 
at their resp 0 (ftive positions:— 

W =■ the weight of liqfiid introduced into the first vessel. 

U - the weight of liquid drawn from the last vessel. * 

= tlie temperature ^f the liquid to be taken into the first 
vessel. 

Dj the weight of heating steam used in the first vessel. 

Cj = the total heat in 1 kilo, of this steam. 

Dj, 7)3 = the total weight., of steam evolved in the vessels. 

c,, c,j, Cj = the total heat in 1 kilo, of each of these quantities ofsteam. 

<], < 2 , ~ the temperatures in the steam spaSesof the vessels I., 

II., nr. 

. Li< t ...8 " the temperatures of the middle layers of the liquor 

/«v Cs " the temperatures iu the lowest layers of the liquor. 

bp 62 , - the weight of condensed water running out of the 

* * vessels. 

* The temperature of an evaporating liquid of any considerable depth 
is not the same at all parts; it is lowest at the top, highest at the bottom 
and has a mean value about the middle, since the specific gravity (which 
IS almost always more than 1 and may reach I’l), and the height of 
the column of liquid under which the vapour is evolved, cause a 
higher vapour ^/ressuro at the bottom, and thus a higher temperature 
of vapour and liquid. 

In order to obtain the equations representing the consumption of 
'heat in the separate vessels, the following facts are utilised:— 

1. In the eonditibn of equilibrium the quantity of heat supplied 
to one vesspl must be equal to that which it gives -out. 

, 2. The weight of the heating steam used in each vessel is equal 
to the weight of the condensed water formed in that vessel. 

For the double effect evaporator the following equations are 
deduced from these conditions:— . 

D, = Dj = ^ 2 , f7 = F - Di - Dj .f561 

Dj = IF - tl - Di 

(IF — + TljCj — + (IF — Dj — 

DjCj + 

— 1 ^ 2 ) ~ + IFbg — 7 )jCj 

D^^^W-U-D^ 


m 


5 
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n ^(^2 ~ ~ ^(*^8 ~ ^” ■ 2 ) ' 

^ Cj + ^2 " Cl “ ^U2 * 

•^ 0^0 ~ -^O^wl + + (^ *“ -^ 1)^1 

n _ ~ ^’“ i) '*' ^(Ci ~ h) 

Cj — Cl 


(58) 

(59) 


For the triple effect evaporator tj)ie following equations are deduced 
from the same conditions:— ' . 


I i)jCj + (W — Dj)t,„i = D2<^i + ~ ^1 ~ •^ 2)^2 + 

Z)jCj + TFC.J — ~ ■1^2^2 ■*■ ~ ■1^2^”‘2 “t" 

■^1(^1 “ ^”*2 ■" C) d" ^(Ci ~ C2) ~ -^2(^2 ~ C2) 


-' 2''2 ‘ ■■ ■ 

C 2 ) d" ^(Ci ~ 

jp _ •'-' 2 i ‘'2 j;:, .C 2 ) ~ .^(Ci ~ I , 

^ *“ ^«‘l d" C2 ~ C 

^'P‘i d" ( 1 ^ d- D^t^^ — d- d^aCa + 1 /Ca 
D^c^ + i^Ca d- d" d^aCj + Utma 

■^2(^2 ” C) d" ^{tm >2 ” Cs) ” ^sipi ~~ C2) 

n - ^ 2(^2 7 ^ 1 . 3 ) d* ^(Ca ~ C 3 ) 

C 2 -C 2 • • • . 

i>i + Dj + Kj = IF - f/ 

~ Ca) ~ 1 F(C] - C a) jy 

Cl “ C; + C 2 ~ C 2 


(60) 


(61) 




Cl + 


- t, 


T ^2 

J). 2(‘^2 ~ ^wfl) ^(^wi> ~~ ^wig) 
^3 “ ^»n 2 


= T7- cr 


I'f/lg ' 


1«»2 _ 

Cl ~ C 2 Cj ■ 

TF(Ci - 


Ca ~ C \ j_ 6 I(C 2 ~ Itna) 

2 / 


Cl “■ Cl d- t„ 

HyCg + TFC = D-^c^ + -^oCi + “ 

HqCq + Wtjr = -HiCji + -Zl((Ci d" IFC^ 
•Do(co ~ ^21) d- TF(t, - Cl) = DffOi 
n _ ■P'(^ ~ ^'»i) ~ ~ ^'“il 


hii2 

Cia) 

C 2 


■ C 


Cg ^ Cg 

- u 


(62) 


' 2.1 


It must be admitted that the formute for the double effect are not 
very elegant, and for the triple effect are already exceedingly compli- 
baj«u; for the quadruple effect quite cumbrous formul® would be 
obtained, which are therefore not given here, and which, moreover, 
would not be applicable in practice. 

It would be possible, by means of these equations for the double 
‘'ana triple effect evapsrators, to calculate the evaporative efficiency of 
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each single element, and the oonsumption of steam for the whole 
apparatus for any defiifite ease, if the temperatures prevailing in each 
vessel were known. This is, however, A priori not the case, fol in 
order to calculate the efficiency of an evaporator only the following 
are given:— 

1 . The evaporation, W-V, to.be accomplished in unit time. 

2. The temperature, f/, at which the liquid enters. 

3. The temperature of the heating steam, and its total heat, 

4. The vacuum in the last vessel, hence tj and c,. 

The formul® require, however, as has been said, a knowledge of a 
number of temperatures, which are conditioned by the form and size 
of the heating surfaces, the height of the boiling layer of liquid, and 
^ the’speoifio gravity of the liquid, all of which are not known d priori. 

It would thus be necessary, if the above equations were to be 
utilised, to assume arbitrary valueg to these temperatures, without 
warranty that Phey would really be attained in the constructed 
apj^ratuB. 

Thus the only possible way of recognising the influence of all 
these conditions, on the result, lies in calculating the evaporative 
capacity of the single parts of the apparatus for a large number of 
different conditions, chosen arbitrarily, with particular attention to 
limiting valuer If the results so calculated be arranged in tabular 
form, then ic, will be fairly easy to see in each case how the rBsuft is 
altered when those conditions (temperatures, pressures, etc.), are varied 
which are independent of the data. 

It is first necessary to consider in some detail the processes in the 
apparatus, before performing the calculations and arranging the tables. 

It is at once evident the amount of evaporation in each vessel is 
not the same, but rather is different in each, since the liquor, in 
passing from a warmer to a colder vessel, must use its excess of 
heat in evaporating water. The larger is the difference in temperature 
between two vessels, the larger will be this evaporat(pn, which we 
may call the self-evaporation. The difference in temperature between 
the single vessels of an evaporator may be very different. 

It is of considerable importance to know* how much hot steajp 
must be supplied to the first vessel in order to accomplish a certain 
desired evaporation in the whole apparatus. Other conditions being 
the same, this necessary consumption of heating steam will be tfee 
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smaller, the more self-evaporation takes place in the separate vessels. 
On this account, also because a more aoouraW'idea of the procedure 
of tte evaporation will be obtained, and finally because it is the 
simplest course (especially if certain approximations be permitted), in 
the next place we shall find how much water is changed into steam 
by self-evaporation, in each vessel of a jpultiple evaporator in different 
oases arbitrarily chosen, and then . how much heating steam is used in 
each vessel, and especially in the first. 

' An inspection of Pig. 9 will facilitate the formation of the equations 
given below. i 

The specific heat, oy, of the liquid will in what follows always be 
taken as unity. > Its boiling point will be taken as equal to that of 
water; if it is higher, the self-evaporation is somewhat larger. 

In the first vessel, by means of the admitted heating steam, d,,, 'the 
weight of liquor, W, is first heated from its original temperature, to 
the temperature, t„j, prevailing ip the first vessel, aud then by more 
heating steam,'dj, the weight of water, dj, is convei-tod Aito vapour. 
The condensed heating steam, d* + d„ = flows away at if lie 

temperature, f„]. 

The consumption of heating steam in the first vessel is thus 


TIq — dfc -f dg 




(64) 


In the first vessel the steam, dj, is produced, 

dj = Dj. 

The liquor of weight {W - dfj, at the temperature t,,,,, enters the 
second vessel, in which the temperature is and hence evolves 
steam from itself, forming the amount of steam, Sj, from its excess of 
heat {W - d,) (t,„j - i.J. 

Thus 5 (IT - dj)(t„j - t„^) 

^ c,-t„, • • • 


(65) 


■*.H>-The steam from the first vessel, dj = Dj, enters the heating 
chamber of the second and produces steam in the second vessel: 

I 


then 


~ ^2(^2 ~ 


d„ = -I- 

~ ^'"2 


( 66 ) 
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Thus, in the second vessel the weight of steam, Djj is formed: 

c- , ,^ + d,= . (67) 

* ^'2 Y 2 ^2 ®«2 

Fjrom the second vessel there goes into the third the weight 
TF - Dj -»= IF - dj - Sj - dj. This liquor is at the tempera¬ 
ture <„2 and falls in the third vessel* to the temperature <„ 3 . The 
difference in heat produces the weight of steam, s,. 

* (TF - d; - 62 - d 2 )( t „ ,2 - t,„^ 

■ c,~t,„, • ( 6 S) 

The steam, s„, produced by self-evaporation in the second vessel 
has the quantify of heat, c^', in the third vessel it evaporates the 
weight of water, 0 - 3 . 

sJo., - L~) 

<^s--r-t .(69)' 

*'3 “*«3 

Finally, there comes into the third vessel the steam, d^, which in 
its turn produces the steam, dj. - 

, d„(o„ - • 

d, = • .(701 


The total weight of steam, Dj, produced in the third vessel is thus 

7^3 = *3 + <^3 + d3 

_ (IF - dj - 3; - d^{t^^ - -I- (S; + d^ (c^ - 

C 3 -U ■ ■ ^ ' 

In the fourth vessel there is formed by self-evaporation the ' 
steam, s^, ■ 

. _ (0^ ~ A ~ A ~ - fn) 


also the weight of steam, 0 - 4 , produced by the steam, Sj, 

^3(‘^3 ~ A) 


and the weight of steam, A 4 , produced by the steam, cg, 

1 °' 8(‘^3 ~ ^14) 


• . (72) 


Finally, the steam,, dg, produces in the fourth vessel the weight of 
steam, dg, 

MU, ij _ ^ 3(^3 _^“ 4 ) 
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In the fourth vessel there is thus produced the total weigh* of 
steam, D^, 

-1^4 =“ S4 + (T^ + A4 

= { ^ - (A + A + ■P3)K^». 3 ~ C 4 ) + (d s + Ss + "alfca - O mg. 

C 4 ~ t,„4 . ' ' 


It is now necessary to ^ake a deviation, in order to simplify 
these still very complex equation's, especially in regard to the many 
different temperatures. 

It is known that the temperature of the boiling liquid is not tie 
same in all parts; at its surloce the boiling liquid has ‘the temperature 
of the vapour evolved—tj, i,j, 4 or but at the bottom the steam 
bubbles have to penetrate the layer of liquid, thdy must therefore over¬ 
come a pressure corresponding to the column of liquid. Thus {he 
sfeam must have a greater pressure at the bottom of the liquid than 
at the top, and to tliis pressure corresponds a higher temperature of 
the steam. 

Jf .s, be the* specific gravity of the boiling liquid*, h, its height in 
metres, B the height of the water barometer = 10-333 m., then the 
hydrostatic pressure at the lowest level of the liquid is, in atmospheres, 



or in millimetres of mercury, 

^ a,.h,. 760 

b - g 


(77) 


. .* (78) 


By means of this equation, the pressures of columns of hquid 
0-2 to 2 0 m. in height, of specific gravities, Sj, from 1-0 to 1 - 4 , have 
been calculated; the pressures aije given in column 3 of Table 16. 
By adding to this pressure, the pressure above the liquid, the total 
pressure is obtained at the particular place, and thence, by means of 
the tables of Fliegner, Zeuner, etc. (sec Table 9), the temperature of 
the vapour or liquid. The difference, t„i - <*j, is the number of degrees 
of temperature by which the liquid at the bottom must be hotter 
than at the surface, in order to evolve steam. 

In the diagram (Fig. 10) the abscissae give the pressures of v^ajgr 
vapour from 0-2 atmos. in oms., the ordinates the temperatures of the 
vapour at these pressures, according to Zeuner. By means of 4his 
diagram the temperatures in Table 16 were determined, by adding to 
the absolute pressure over the liquid the hydrostatic pressures gjvei^ 
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in'Column 3, and then seeking in the diagram the temperature 
corresponding to the sum. 

•*Carve showing the temperatures of steam at absolute pressiftes Irom 
' 0 to 162 oms. ol meroury. 



1.52 mi. 

, Fia. 10. ( «. of mercurjt 

Example. —At a vacuum of Oils mm. the absolute pressure is 02 mm, nl 
mercury, the temperature of water vapour 50'* C. A column, A - 1 m. high, 
of liijuid of the specific gravity, S/ = 2, exerts a hydrostatic pressure- 

2 X 1 X 7<>0 

6 = —iJiggS— “ The total pressure at the bottom 

of the liquid is thus 92 + 147-1 = 2S9-1 mm. At this pressure the diagram in 
Fig. 10 gives 70’ C. The temperature of the liquid at the top is OO" C., thus the 
dillerelice in tempernture between top and bottom is t„| - t, = 70° - 50° = 20° C. 

It will be seen from Table 16 that in the case of liquids under a 
pressure of 1 atmos. or more, the differences between the boiling points 
at the top and bottom are not very, great, and are even quite moderate 
when the specific gravity and the height of the cofuran of boiling liquid 
are great. If, however, there is a vacuum above the liquid, the dif¬ 
ference between the upper and lower boiling points increases consider¬ 
ably, and, in the case of heavy liquids and high vacua, has a very 
disturbing effect. 

There is, as,we shall at once see, a circumstance which makes 
t he r etarding action on the heat transference of high columns of 
liquid less sensible, but in spite of that the rule remains that it is 
in tfie interest of a great evaporative capacity to diminish as far as 
possible the height of the boiling layer of liquid, in order to lose as 
little as possible of the fall in temperature. 
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The reason why the lower layere of violently boiling liquids, 
which are under the lyhole pressure of the column of liquid, are not 
at a temperature corresponding to their hydrostatic pressure, if the 
following;— • • 

Consider a steam bubble rising through the liquid as divided by 
a horizontal plane at its greatest section, then a greater pressure is 
exerted on the lower half from bdow than on the upper from above. 
If the steam bubble had the shape of a cylinder with vertical axis 
and horizontal ends, the difference in pressure would be equal to 
the pressure of a column of Jiquid of the height of the cylinder. If 
the bubble were spherical, the difference in pressure jvould be equal 
to the height of a column of liquid of half the diameter of the sphere. 
(The upward force itself is equal to the weight of a quantity of liquid 
eqflnl in volume to the bubble.) 

In largo vessels, in which many steam bubbles are rising at all 
parts, the hydrostatic pressure is not altered on this account, also in 
tubular hooters rfi small layer of liquor on the wall ef the tube, con¬ 
necting the liquid above and below the steam bubble, transmits the 
total hydrostatic pressure below. The larger and higher the bubble, 
the greater is the difference between the pressures acting on it from 
below and above, and this excess of pressure rapidly drives up the 
bubble and the liquid above it. 

The kinetic energy of the liquid thus produced often raises 
considerable quantities above the surface, which then fall back* and 
sink down at less heated parts of the apparatus. There is thus 
pi;<xluced a circulation; the boiling liquid rise# rapidly on and above 
the heating surface, ‘gives off its steam and excessive heat and then 
returns cooled to the bottom. ' 

The falling liquid is thus in fact cooler than it must be in order 
to form steam at the bottom, since it is only at the temperature of 
the surface. The difference in temperature (fall in temperature) 
between it and the heating steam is thus at first greater than it 
should be as a consequence of the hydrostatic pressure. 

It should not be assumed that the differences of temperature, 
given in Table 16, between the upper and lower layers of boinug' 
liquids, quite represent the actual conditionsi These differences are 
in fact always less and only hold good for liquids at rest, which are 
not considered here. 

Since the heights of,the columns of liquid are generally^made’as 
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TABSta 16. 


Increase in vapour pressure and rise in boiling point in the lowest 
gravities, s„ of 1'0-1'40„ and steam pressures 


—- 

Temperature of evaporation at top ‘ - C. 
Absolute pressure at top • • nun. 

Vacuum at top ... - mni. 

' UlH'- 
1330 

111-7” 

1140 

m 

M 

Height of 

Spccifio 

Hydrostatic 
pressure of 





* the liquid, 
hf. 

Metres. 

gravity of 
the liquid. 

. «/■ 

the liquid. 

mm. of 
mercury. 

Temperature, in degrees Centigrade. 

t 

0-20 

10 ■ 

ir )-49 

0-0 

0-5 

0-5 

0-5 


1-1 

1703 

0-0 

0-5 

0-5 

0-5 


1-2 

18-58 

0-0 

0-5 

0-5 

0-5 


1-3 

20-13 

0-5 

0-5 

0-5 

1 


1-4 

21-68 

0-5 

0-5 

0-5 

1 

0'50 

‘1-0 

38-73 

0-6 

0-5 * 

f 

1-5 


11 

42-60 

0-5 

1 

1 

1*5 


12 

46-76 

0-5 

1 

1 

2 


1-3 

50-34 

0-5 

1 

1-5 

2 


1-4 

54-22 

0-5 

1 

1-5 

2 

0-76 

10 

58-10 

0-5 

1-5 

1-5 

2 


11 

63-90 

1 

1-5 

1-5 

2-5 

t 

1-2 • 

69-72 

1 

1-5 

1-5 

3 


1-3 

75-53 

1 

1-5 

2 

3 


1-4 

81-34 

1-5 

2 

2 

3-5 

10 

ro 

77-47 

1-5 

2 

2 

3-5 


11 

86-21 

1-5 

. 2 

2-5 

3-5 


1'2 

92-96 

1-5 

2-5 

2-5 

3-5 


1-3 

100-71 

2 

2-5 

2-5 



1-4 

108-45 

2 

2-5 

3 

4 

1-5 

10 

111-20 

2 

2-5 

3 

4-5 


11 

122-30 

2-5 

3 

3-5 

5 


. 1-2 

133-44 

2-5 

3 

3-5 

5 


1-3 

144-56 

3 

3-5 

3-6 

5 

-ft. 

1-4 

151-68 

3 

3-5 

3-5 

5 

-20 

10 

164-91 

3-5 

3-6 

3-5 

5 


1-1 

170-40 

3-5 

4-5 

4-6 

6 


1-2 

185-89 

3-5 

4-5 

5 

6 


1-3 • 

201-38 

4 . 

4-6 

5 

7 


,1-4 

216-87, 

4-5 * 

« 

6 

5-5 

7-5 





LOSS •OF THB FALL IN TBliPFIBATDBE. 75 

Table i6. 

layers of evaporating liquids at depths of h, = O'S-Q-O m,, spe'oifio 
over the liquid of 13i0 to SI'S mm. of mercury. 
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amlli as possible, and further, since the liquor in the first vessels' of 
the apparatus rarely has a high specific gravity, in most cases in 
caleuhiting the quantity of steam developed .in each vessel Miis difference 
in temperature between the top and bottbm may be neglected without 
introducing any considerable error. In fact the error due to this 
approximation is for the first vessel rarqjy more than 0’26 per cent., 
for the last vessel about 1 per cent.’, of the steam produced by self¬ 
evaporation, and may thus safely bo neglected. 

• In determining the efficiency of the healing surface per sq. m. and 
the temperature difference, this difference ‘between the temperature at 
top and bottom of the liquid should not be neglected. 

To return to the equations. In agreement with the preceding 
remarks, by neglecting the differences in the temperatures of the liquor, 
and thus removing those temperatures which are d priori unknown, 
the equations previously given may now be written as below. 

Consumption of heating steam in vessel I.:— • , • 


p _ ^(^1 ~ f/) + ~ l\) 

Cj -1 J 

• • (79) 

Steam from vessel I.:— 


A = '^1 . 

. . (80) 

Steam from vessel II.:— 


jj (lV-di)(<i - < 2 )-(-d|(c, - Q 

. . (81) 

(TV-d,)(f, -y , d,(c,-tf) 

Cj - • '2 C^-t^'' 

• ■ (82) 

Steam from vessel III.:— 


(IF- dj - *2 - d2)(<2 - fj) -f (s.j - d.ffic^ - fj) 

. . (83) 

(TF-d[-Sj - d2)(f2-fj) <^ 1(^1 ~ y 

® . Cj-fj 2 ■ 

. . (84) 

_ ^2(‘'2 ~ ^ 3 ) ^ 

3 Cf-t^ 2 g^_f^ ... 

. . (85) 


Steam from vessel IV.:— 


_ (W - Di - D^- D^){t^ - f,) -H (dj -f S 3 -(- <r 3 ){C 3 - ti) 


( 86 ) 
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^ -D, - A. - 0.0(4 - 4) , ^ d,{c, ~ t,) 


s^ - 


—-« 

0,2 - tj 


• - Q 

J do(C 2 - < 3 ) 

^3 ^3 


\ ~ ^ 4 ) 

1 

II 


* ®4 - ^4# 

• C 4 - «4 


Steam from vessel V.:— 


. (87) 
.’*( 88 ) 
: (89) 


(W-D^-D., 

— D.^ — - 

- tr,} + + A., + — i 



, C5 

- h 

(90) 

(fr ■ 

*6 = - 

- U}(C2 - trj 

Cr, “ tr, 

^ dj(Cj - tj) _ 

C„ —Jjq 

• (91) 


■h{<h - h) 

<■ , - Is 

‘ - '3 ' ■ ' 

. (92) 

A 3 

"■rf'h - ff.) 

f- - tr^ 

1 ” ^ 4 ) 

* “ '4 -- <4 ■ ■ ‘ 

• (93) 


' ( 

II 

. (94) 


We proceed now, by the aid of these equations, to calculate the 
steam evolved hi each vessel in any special case : for this calculation 
only the followin*; are known;— 

1. The quantity of liquor introduced, W, and its temperature, tj, 

2. The quantity of evaporated liquor drawn ofif, U, and its ,tem- 

pi RUure, f„ (i.c., t,, or ij). 

3. The temperature and heat of the heatipg steam, and Cj. 

4. The temperature and lieat in tlie last vessel, <„ and c„. 

All the remaining values, especially the temperatures and 
pressures prevailing in the separate vessels, are unknown, for they 
depend essentially upon the ratio of the heating surfaces of the 
separate vessels to one another, and this ratio is different in almost 
every apparatus. It must thus be our next endeavour to ascertain 
the most favcmrablc proportion of the heating surface^ in order that 
the conditions for the least consumption of steam (Dj) may be 
found, and also that dimensions corresponding to its evaporative 
capacity may be given to each vessel. Hovfever, it is impossibly at 
present to calculate these values for any special oases, because of the 
want of knowledge of the temperattires, consequently the only course 
is to assume the temperatures in the^separate vesiifels for many Oases, and " 




78 


EVAPORATIN& AND OONDENSINS APPARATUS. 


especially for the limiting oases, and on these assumptioas to calculate 
the corresponding evaporative capacity of each Vessel. When these 
man^ cases have been arranged in tabular form, it will be easy to 
select the best in each case. It will also*appear from the calculations 
that till amount of evaporation effected in the first vessel, and also the 
actual consumption of heating steam by tiie multiple effect evaporator, 
are not to any considerable extent proj>ortk»ial to the fall in temperature. 

In Table 17 is given the amount of evaporation obtained in double, 
tnple and quadruple effect evaporators, in the separate vessels of 
which different ‘falls in temperature are atsuined. The figures are for 
the evaporatioir of 100 litres of liquor to one tenth (O'l), and one 
quarter (0 25); intermediate cases are not given, since it is found that 
the extent of the evaporation has not much influence upon the output, 
the reason being that the larger the portion of the original liquor 
which is not to be evaporated, the larger is the volume of liquor taken 
from vessel to vessel, and consequently also its self-evaporation in 
the next vessel. ’ But this self-evaporation (which is tlfe oatise of the 
greater evaporation in the later vessels than in the earlier) is always 
but a small fraction of the whole evaporation. The method of 
■calculating Table 17 will at once be illustrated by means of an 
example. It is always assumed that the liquor enters at the tempera¬ 
ture of the first vessel, Ij. A lower temperature of the entering 
liquor, which frequently occurs in practice, must naturally be com¬ 
pensated' in constructing the apparatus by increasing the heating 
surface of the first vessel; we shall afterwards return to this point. 

In Table 17 are tfrst given the temperatures tj, tj, tj (in 
separate columns), which are assumed as prevailing in each vessel. 
This is done for many oases, as far as possible fof the limiting condi¬ 
tions. Also apparatus is considered which works at pressures above 
atmospheric, without an air pump, e.g., in the second line for the triple 
effect:— 

Vessel L, ISO”; vessel II., 115°; vessel III., 100°. 

Then, corresponding to each temperature, are given the total 
calories, c,, Cj, Cj, e,, c^, contained.in 1 kilo, of steam at these 
temperatures. * 

EmmpU.~VCh litres of liquor are to J)e evaporated to 10 litres in a quadruple- 
■efleqt evaporator, in the elements of which the temperatures 100", O-S", 85" and 60" 
<J. are maintained. How much water is eyaporated in each vessel ? 
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In accordancie with what has gone before, the problem can only be solved by a 
process of tnals. 

If 90 litres aje to bo evaporated, were there no self-evaporation, each Vessel 

90 ' 

would evaporate 22'6 litres; vre know, however, that, as a matter of fact, by 

self-evaporation, the following (unknown) weights of steam ate produced' in the 
later vessels: Sj, s, -t- ff,, Sj + Vj -t Ag. Let us, therefore, assume as aprdnnimry 
that the evaporation is divided as followl:— 


Vessel 

L 

II. 

m. 

IV. 

Evaporation - 

20 

2-2 

23 

25 

Liquor introduced - 

100 


58 

36 

The self-evaporation 
is then 

0 

. 4 =0-75 

s.=l-0C 
(tU-0-745 

• 

«j=2-14 
<r4---:T-08 
*4=0 756 


.These weights of steam produced by self-evaporation are found from eejuatioua 
79 -Pfl. aisuminf! the total evaporation in each vessel, as follows.— 


The self-evaporation in vessels II., III., and IV. is 
. (F-d,)(f,- 4) 80(100 - 96) 

^2 - ~ - ys' “ 

_ (tr - 7>J - 74)(/a " h) _ 58(95 - 85) 




US'! - 85 


0*74 kilo. 

« l-OGkilo. 


3 ^ (r- ^ 36(80^) „ 

S. = 4 _ Cj G91 -7 - 50 “ ■ 

The evaporation pj'iduccd in vessel HI. by moans of tbe steam, s,, ia 

Sj(c., - 4) 0-74(635-5 - 85) 

■■■ c, - 4 632 - 68 

lu iho vessel IV. s, evaporates 


= 0*745 kilo. 


%(c- - l .t) _ 1-06(632 - 50) 


1-08 kilo. 


Finally, cr, effects in vessel IV. the evaporation, 
ajc, - 4) _ 0-745(632 - 5fJ, 

_ ^ 21-7 - 60 " - 


Thus the preliminary calculation gives the following series results:— 


Vessel 

I. 

II. 

III. 

IV. 


Evaporation • 

20*87 

21-62 

22-67 

24-85 

litres. 

Liquor introduced ■ 

■ 100 

79-18 

57-51 

84-85 

kilos. 


These results do not differ considerably from the assumptions made. If they 
are made the basis of a fresh calculation, in order to obtain greater accuracy, we 
have m a similar manner 
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-»-?^ = 0 7825Ut». 

= V051 „ 

= 2133 „ 

= «-73G „ 

= 1-07 „ 

= 0'719 „ 

t 

Prom this fi»al calculation we obtain the figures:— 
Vessel - - . I. II- HI. 

Self-evaporation -0 Sj = 0’7325 s, = I'OSl 

ff, = 0-730 


" 635 - 

95 

57-51(95 

- 85) 

C32 - 

85 

34-85(85 

- 50) 

“ G21-7 - 

■ 60 

0-7325(635 

- 85) 

632 - 85 • 

1*051(632 

- 50) 

621*7 - 

50 

0-736(632 

- 50) 

~ 621-7 - 

60 


Total. I-7H7 


IV. 

Sj = 2-133 litres- 
0-4 s=s 1-07 It 
A. = 0-719 „ 


Total. 3-9.'i2 


Self-evaporatifin and its consequences thqs produce an evaitnatiitn of 0-7325 3 - 
1-787 -t- 8-952 = 6-4715 litres of water; there remain still to evaporate 9Q - 
6-4715 = 83-5285 kilos., which weight is divided almost, but not quite, equally 
between the four vessels, in such a manner that the steam from oue vessel 
always evaporates rather more than its own weight from the next vessel. 


es WBS - d, + 




04-^4 


J, , 687 - 95 . 637 - 95 63.5-5 - 85 

~ “V t 635-5 - 95 635-5 - 95 ' 0.32 - 85" 

637 - 96 635-6 - 85 032 - 50 \ 

■*■035-5,- 95 ' '032 - 85 ' 621-7 - .50/' 
= dill -f 1-004 -8 1-004 X 1-006 -I- 1-O04’x 1006 x 1-02). 
= d, 4 044. 

83 6285 

Therefore d, => = 20-655 litres of water. 

d. = 20-655 X 1-004 = 20-731 litres of water. 


dj = 20-731 X 1-006 = 20-860 
d 4 .= 20-860 X 1-020 = 21-26 


Thus each vessel, including the self-evaporation, evaporates the following 
quantities of water ;— 

Vessel - - • I.’ II. Ill. IV. 

Eegular evaporation - 20-655 20-731 20-860 21-26 litres. 

Belf-evaporation - 0 0-7326 1-787 3952 „ 


Total - - 20-055-^21-4635-1-22-637-12,5-212 = 89-9676 litres of water. 
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Table 17. 

The Weights ot Steam evoIve<j in each separate vessel, of a double, 
triple and quadruple effect evaporator per 100 litres of licjuor: 
dj, dj, etc.; s,, s„, etc.; (t.,, ; by transference of heat and 

by self-evaporation, when fce liquor is evaporated to 0-1 and 0'26 
of its original weight. Eogular evaporation (without extra steam) 
in apparatus with different falls of temperature. 


Double effect. 


Evaporation to OT 11^. I Evaporation to 0*2.'» W. 


'i. 

<^1 


1(10 

037 

60 

100 

037 

00 

100 

037 

. 70 

Of) 

035*5 

50 

0» 

()35*5 

00 

or> 

035*5 

70 

00 

(534 

50 

00 

034 

60 

00 

034 

70 

85 

632 

50 

85 

032 

00 

85 

632 

70 

80 

631 

.50 

80 

631 

00 

80 

631 

70 

1B5 

647*7 

100 

122-6 

643-8 

100 

108 

639*() 

70 

102*5 

037*3 

00 

97*6 

636*5 

50 

115 

041*6 

50 

115 

()41*6 

60 

116 

641*6 

70 


43-42 48-40 

43- 8 47-8.0 

44- 3,'i 47-:-i(; 

43- C 48-1 

44- 11 47-(; 

44- .08 47-1 
4:-l-'J9 47-70 

45- 22 47-71 
45 01 47 0 

44- 0 47-70 

45- 22 47-7) 

46- 14 40-00 

44- 89 47-85 

45 47 

45- 4 40-4 

4403 47-7 

44- 70 47-1 

45- H0 47-7 
49-70 48 
43-48 48-2 
42 43 49-2 
43-00 48-0 


Average 44-2 | 47-07 




Minimum 

Maximum 


D,:Dj|= 1; 1-127 
1 : 1-200 
1:1-07 


1:1-17 
1:1-272 
1:1-07 


Minimum 

Maximum 


D,: <4 = 1:1-045 
1:1-07 
1:1-04 


D.id, = 1:1-041 
1 -. 1-042 
1:1-04 
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Table 17— {contimied). 
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Table 17—{oontinuedj. 


ETaporation to 0*25 W. 

• 

Dr.D.,-.D,= 

1:1-106 

1:1-01: 

« 

1-26 

1-039 

D, 


d. 

A 

h 

• 

d, 

D, 

22-62 

1-41) 

22-84 

24-33 

3 

1-61 

23-54 


22-02 

2-20 

22-84 

25 04 

1-5 

2-24 

23-54 

27-28 

21-10 

2-23 

21-31 

23-54 

6-15 

2-27 

21-95 


21-395 

2-23 

21-6 

22-83 

5-25 

2-^7 

22-20 

29-78 

21-74 


21-95 

24-18 

4-18 

4 2-27 

22-63 

29-08 

2l-:a 

20 

21-52 

24-42 

4-18 

2-96 

22-18 

29-34 

21-57 

2-9 

21-78 

24-68 

3-85 

2-96 

22-44 

28-75 

23-34 

1-4 

23-67 

24-97 

■m 

1-42 

24-27 

20-09 

20-83 

8-6 

21-03 

24-63 

4-2 

.l-(i7 

21-07 

29-54 

2M0 

8-6 

21-31 

24-91 

3-36 

3-67 

21-90 

28-99 

‘>1-41 

3-6 

21-62 

25-22 

2-42 

3-67 

22-28 

28-37 

21-01 

2-86 

22-12 

24-97 


2-9 

22-80 

28-12 

21-31 

3-53 

21-62 

25-05 

2-9 

3-6 

22-18 

27-08 

20-63 

4-31 

20-83 

25-14 

3-37 

4-39 

21-47 

2%23 

22-27 

1-42 

22-49 

23-91 

4-2 

1-44 

mE 

28-Hl 

22-53 

1-42 

22-76 

24-17 

3-36 

1-44 

23-^ 

28-30 

22-86 

1-42 

22-08 

24-60 

2«12 

1-44 

23-78 

27-64 

22-41 

1-41 

22-G3 

24-04 

3-78 

1*44 

23-34 

28-55 

22-70 

1-41 

22-92 

24-33 

2-9 

1-44 

23-64 

27-97 

23;04 

1-41 

23-27 

24-68 

1-89 

1-44 

23-96 

27-98 

21-77 

2-83 

21-28 

24-81 

2-89 

2-88 

22-65 

28-42 

22-09 

2-83 

22-31 

25-14 

1-H9 

2-88 

rnmn 

27-77 

22-40 

2-88 

22-62 

26-45 

0-97 

2-88 


27-15 

22-94 

1-81 

23-10 

24-97 

1-35 

1-84 

23-90 


22-31 

2-0 

22-53 

24-53 

2-89 

vmm 

23-23 

28-16 

22-64 

2-0 

22-86 

24-86 

1-89 


23-67 

•27-5 

22-52 

2-36 

22-74 

25-10 

1-53 


23-45 

27-38 

22-73 

1-37 

22-95 

24-32 

2-89 

1-39 

23-67 

27-95 

22-13 

2-77 

22-36 

25-12 

1-90 

2-82* 

23-03 

27-76 

22-68 

1-39 

22-81 

24-20 

3-31 

1-41 

23-49 

28-21 

22-89 

1-89 

28-11 


2-40 

1-41 

23-80 

27-61 


2-295 

22-335 

24-47 

mi 


22-99 

27-a# 


1:1088:1-2048 

Dj : til: d« — 

1:101:1-041 


1- 44 

2 - 1-1 

2-15 
2-15 
-2-15 
2 -» 

2- 7 

1- 37 

3- 31 
3 51 
3-31 

2- 7 

3- 2 

4- 19 
1-38 
1-88 
1-38 
1-36 
1-36 

1- 36 

2- 72 
2-72 
2-72 
2-1 
2-25 
2-25 
2-34 

1- 35 

2 - 68 
1-36 
1-36 


D, 


29 32-78 

29-1 132-39 
27-62 34-55 

27- 914 34-2() 

28- 491 34-03 
27-62 i 33-72 
27-62 i 33-12 

29- 77 ■ 31-92 


27-22 

27-5 

27- 71 

28- 25 

27- 04 
27 

28- 63 

28-88 

29- 2 

28- 90 

29- 25 

29-35 
28-12 
28-38 
28-65 
29 

28-52 

28-79 

28 - 79 

29- 06 
28-41 

28- 90 

29- 16 


34-03 

33-61 

33-08 

32-81 

32- ''8 
33 79 

33- 33 
32-86 
32-44 
32-86 

32- 45 

30-01 

33- 04 
32-65 
32-12 
32-13 
32-97 
32-49 
32-26 
82-61 
32-54 
32-86 
32-37 
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Table 17 — (cimtimed). 


Quadruple effect 


Evaporation to 1-0 TF. 
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Table 1Y—(co«tm««(i). 


).= I D,:D,:D,:D,= 

7; 1-268I 1; 1T(); 1-215:1-876 

D^:d,:d,:d^ = 

1-, 1-008 :l-01G;i-017 


Evaporation to 0-25 IV. 
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Table 17 has been oaloulated in the manner indicated in thiS' 
example (p. 80).* It is pow possible to make a satisfactory inspection 
of the evaporatiye action of double, triple and quadruple effect ev^w- 
rators, and to see without troiIUe how much water each vessel really 
vaporises, how much heating steam is used by each vessel, and in par¬ 
ticular how much heating steam must be supplied to the first element, in 
order to bring 100 litres of liqifor from the initial to any desired con¬ 
centration. It is assumed that the liquid enters at the temperature („j. 

If an average be taken of the figures in Table 17 lor the whole, 
quantity of water, D, evaporated in each vessel, and tlje quantity of 
steam, d, evolved by heating in each vessel (these averages are given at 
the bottom of the ijable), an extraordinary regularity in the evaporative 
capacity is seen, the extreme oases hardly varying by 5 per cent, from 
the average. The figures (also given in the Table) for the mean ratios 
of the total quantities, D, evaporated in the separate vessels, to 
the portions, d, evaporated by heating alone in the same vessels also 
vary very little fj;om one another in the extreme cases, so that these 
figures may well be taken as a’basis for the general case in practice. 

These proportions of the amounts of steam in each vessel, dy dj, 
r/j, df, will form the basis for the estimation of the necessary heating 
surfaces of the evaporator, to be given later. 

Five important conclusions may be drawn from Table 17 to 
assist in the dwision of the heating surfaces in the most efficient 
manner 

1. The snudlest amount of heating steam required to produce a 
certain amount of emporation is used in all mqltiple evaporators, 
when the fall in temperature is the sg/me in each vessel, 

2. However the fill in temperature in the separate vessels be 
arranged, the weight of heating steam to be supplied to the first vessel 
always varies within very narrow limits. Thus the manner in which 
the available fall in temperature is distributed amongst the separate 
vessels has no greot influence on the economy of steam. No considerable 
saving in steam can be obtained by any definite division, of this fall in 
temperature. 

3. The quantity of water to be evaporated in the first vessel is, on 
an average, of the total evaporation of the multiple evaporator 

In the double effect • =’0'466 Dj = (If - U) 0'466. 
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In the triple effect - = 0-300 D, = (TT'-O') 0-300. 

In the quadruple effect = 0;216 Dj = (IF - 0) 0-216. 

IJie extreme oases are :— 

For the double effect - = (W - U) 0-434 to 0-484. 

For the triple effect ■ D, = (TF - 0) 0-2777 to 0-8152. 

For the quadruple effect - Dj = (IF - U) 0-1926 to 0-2336. 

4. The evaporation effected by heating is in all oases the least in 

the first vessel, but fhe increase in the following vessels is not very 
great—at most 4 'per cent. In the mean it may be assumed that this 
evaporation in the separate vessels is in the • 

Doable effect. Triple effect. Quadruple effect. 

I. II.. I. II. III. I. II. m, IV. 

dj : do - dj -. d, -. dj ‘dj ; d., : d, ; d^ 

as 1 :1-045 1 ; 1-01 : T04 1 : 1-005 :1-012 : 1-02 

5. The total quantity evaporated in the last vessel is :— 

In the double effect ■ - 0-534 

In the triple effect - - 0-3703 

• In the quadruple effect ■ 0-284 

of the total evaporatiolt of the apparatus (IF - U). 

B. The Percentage of Solids in the Liquid in Each Vessel 
of the Multiple Evaporator. 

In the preceding section of the chapter it has been found that 
in performing a certain amount of evaporation, each separate vessel 
must evaporate its proper fraction, almost independently of the fall 
in temperature. In the next place, it is desirable to find the evapora¬ 
tive efiioienoy of each vessel and the percentage of solid matter in 
each, tor liquors varying in strength both before and after evaporation; 
th6 results can only be approximate—never quite exact. The total 
evaporative capacity and the concentration in percentages are given in 
Table 18, which thus contains an answer to the questions:— 
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If a liquor of known strength (4-17 per cent.) is to be oonoentrateS 
to another known strength (40-70 per cent.), how much water must 
with this intent*be evaporatedjn each vessel and what is the concen¬ 
tration of the liquor in each vessel ? 

The following example illustrates the method of calculatiwi of 
Table 18;— 

Example. —100 kilos, of a liquor, containing 10 per cent, of solid matter, are 
to be evaporated to a strength of 50 per cent, in a triple effect evaporator. How« 
much 'water is evaporated in each vessel and what is the concentration in each 
vessel ? 

In order to evaporate 100 kilos, of liquor from 10 per cen5. to 50 per cent, 
strength, 100-(10+ID)=80 kilos, of water must be evaporated. 

Of this, according to Table 17, 

Vessel 1. evaporates 80 x 0*8003 = 24*02 kilos, 

„ TT. . 24*02 X 1*097 = 26*35 „ 

M 111. „ 24*02 X 1*233 = 29*62 „ 

_ - • 

79*9ft „ 

Thus the first vessel contains 

10 kilos, of solids in 100 - 24*02 = 76*98'kilos, of solution, 

10 X 100 

i.e.. ill the so’ Uion there is = 13*16 per cent, of solids. 

The second \..8sol contains 

10 kii^s. uf solids in 76'98 — 26*35 = 49*63 kilos, of solution,* 

i.e., in the solution there is = 20*15 per cent, of solids. 

The tliird vessel contains 

10 kilos, of solids in 49-63 - 29-62 = 20-01 kilos, of solution, 
i.e., in tile solution there is = 80 per cent, of solids. 



Initial strength 
of the liquor. 
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Table 18. 

The amount of evaporation, and the pereantage of solids in the liquor, 
in each vessel of the double, triple and quadruple effect apparatus 
’.vith regular evaporation (i.e., no extra steam is withdrawn) for 
the concentration of 100 kilos, of liqvor to 0-08 - 0'34 of its weight 

The upper lines of each pair in ordinary type, give the weights 
of water to be evaporated in each vessel. 

The lower figures, in heavy type, give the corresponding per¬ 
centages of dry material in the liquor in each vessel. 


d 

w . 

Is 

Double effect. 

Triple effect. 

Quadruple effect. , 

!ag 

A 

D, 

A 

A 

A 

A 

A 

A 

A 


I . 

11. 

I . 

11. 

III. 

1. 

11.. 

m. ; 

IV. 


42*2 

47-8 

27-34 

29-74 

32-92 

20 

21-7 

23-1 1 

25 2 

4 

6-92 

40 

5-5 

9-32 

40 

5 

6-86 

11-4 

40 


40'95 

46-55 

26-69 

29-11 

82-25 

19-4 

21-07 

22-5 1 

24-G3 

5 

8 - 4 fi 

40 

6-82 

11-35 

40 

6-2 

8-4 

13-5 ; 

40 


39'6 

45-4 

25-63 

2S-04 

31-33 

18-78 

20-35 

21-85 

24 05 

6 

993 

40 

8-07 

1303 

40 

7-38 

9-86 

15-3 i 

40 


38-35 

44-15 

24-83 

27-25 

30-62 

18-24 

19-71 

21-11 

23-44 

n 

11 -, 3 .') 

40 

9-,31 

14-31 

40 

8-.56 

11-28 

16-12 

40 

■■ 

HI- 

43 

23'90 

26-38 

29-72 

17-55 

19 

20-5 ' 

23 

n 

12-7 

40 

10-51 

16-09 

40 

97 

12-6 

18-6 

40 


35-87 

41-88 

23-15 

26-60 

29 

17 

18-43 

19-92 

22-41 

9 

14-3 

40 

11-71 

17-55 

40 

1084 

13-94 

20-15 

40 


34-38 

38-62 

22-16 

24-7 

28-35 

16-33 

17-65 

19-22 

21-8 

10 

154 

40 

12-84 

18 - 76 . 

40 

11-95 

15-1 

21-4 

40 


82-82 

39-48 

21-23 

23-77 

27-26 

16-C7 

16-86 

18-56 

21-10 

11 

16-2 

40 

13-96 

20 

40 

13-04 

16-3 

22-49 

40 


42-80 

48-20 

27-72 

30-10 

33-3 

20-28 

22 

23-38 

25-46 

4 

m&m 

45 

5-53 

9-48 

45 

5-02 

6-9 

11-68 

45 


41-64 

47-26 

26-96 

29-37 

32-57 

19-72 

21-42 

22-84 

24-91 

5 

8 ' 8 S 

45 

6-85 

11-45 

45 

6-23 

8-45 

13-9 

45 


40-52 

•46-14 

26-21 

28-01 

31-85 

19-17 

20-84 

22-27 

21-42 

6 


45 

8-13 

13-28 

45 

7-42 

10 

15-85 

45 


89-32 

48-18 

26-46 

27-87 

31-13 

18-61 

20-21 

21-71 

23-89 



45 

9-35 

15-0 

45 

8-6 

11-28 

17-7 

45 



44-02 

26-02 

27-46 

80-75, 

18-15 

19-66 

21-06 

23-38 



45 

10-67 

16-90 

45 

9-77 

12-85 

19-45 

45 



43 

23-90 

26-38 

29-72 

17-5 

19-1 

20-60 

22-9 



45 

11-83 

18-1 

45 

10-91 

14-14 

20-9 

45 
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fABLE 18— (contimed). 


t. 

• 

Double effect. 

TripfeaeSoct. 

Quadruple effect. 

g 8 










■HJJ " 

Di 


D, 


D, 

A 

Ds 

74 


" ft 

I. 

II. 

I. 

II. 

ni. 

I. 

n. 

111. 

IV. 

M'S Hi 









86 

42 

23-2 

26-69 

29-06 

17-1 

18-7 

20-3 

22'7 

10 

15-62 


13-02 

10-58 

45 

12-06 

15-67 

•228 

45 


35 

41 

22-41 

2i-e6 

28-67 

lG-5 

17 8 

19-4 

21-8 

11 

16-85 

45 

14-3 

20 86 

45 

13-17 

.16-74 

• 

23-76 

45 


4!l-8 

48-7 

28-0-I 

30-70 

33-62 

20*5 

22-2 

28-G 

25-7 

i 

7-06 

50 

5-55 

9-7 

50 

5-03 

6-95 

11-85 

50 


42-2 

47-8 

27-84 

29-74 

32-92 

20 

21-7 

23-1 

25-1 

5 

8-65 

50 

6-88 

11-66 

50 

6-25 

857 

14-2 

50 

41-2 

4:-8 

20 01 

29-04 

32-23 

19-51 

21-2 

22-6 

24-8 

6 

10-2« 

59 

817 

13-5 

50 

7-45 

101* 

16-3 

60 

40-2 

45-8 

20 

2H’44 

31-w; 

19-01 

2^-6 

22-1 

24-3 

■a 

11-7 

50 

9-46 

15-37 

50 

8-64 

11-58 

18-3 

50 

■■ 

3'4-i 

41-9 

25-28 

l‘7-74 

31 

iH-;)4 

20 

21-5 

23-9 


13-13 

50 

10-70 

17-00 

50 

9-81 

13-01 

20 

50 



43-9 

24-56 

27 

30 32 

18-04 

19 5 

21 

23-4 


1454 

50 

11-93 

1858 

50 

10-9 

14-4 

21-7 

50 


37 

43 

24 

20-85 

29-63 

17-55 

19 

20 5 

23 

10 

15-87 

50 

13-16 

20-15 

50 

12-13 

15-76 

23-5 

50 


30 

W 

23-22 

25-7 

29-08 

17-06 

18-5 

20 

22-5 

11 

17-19 

50 

1432 

21-53 

50 

13-26 

17-07 

24-7 

50. 


35 

11 

22 5 

25 

28-41 

16-58 

17-9 

19-5 

• 22 

12 

18-5 

50 

15-49 

22-85 

50 

14-37 

1831 

26 29 

50 


33-9 

40-1 

2i-H5 

2t-4 

27-85 

16-081 

17-4 

18-97 

21-55 

13 

19-66 

50 

,16-63 

24-19 

50 

15-49 

19-53 

27-.33 

50 


32-8 

39'2 

21-45 

23-4 

27-26 

15-5 

16-9 

18-5 

21-1 

14 

20-83 

50 

17-82 

20-4 

25-4 

50 

16-57 

20-7 

28-5 

50 


31 8 

38-2 

28 

26-46 

J5 

16-3 

18 

20 6 

15 

22 

50 

18-9 

26-5 

50 

17-65 

21-83 

29-5 

50 


30-8 

37-2 

19-70 

22-36 

25-81 

14-6 

15-8 

175 

20-1 

16 

23-12 

50 

19-9 

27-69 

50 

1871 

23 

30-6 

50 


29-8 

3(;-2 

19-1 

21-7 

25-15 

14-0 

15-3 

17 

19*6 

17 

24-2 

60 

21-01 

28-7 

50 

19-78 

24-05 

31-6 

50 


43-76 

■ 

49-07 

28-3 

■ 

30-66 

33-81 

20-68 

22-42 

-23-78 

2.5-83 

4 

7-11 

65 

5-67 

9-74 

55 

504 

7-03 

12-07 

65 


43-21 

48-61 

27-96 

80-34 

33-52 

20-45 

22-2 

23-08 

25-62 

6 

8-80 

55 

69 

1176 

65 

6-28 

8-72 

14-8 

66 


41-74 

47-35 

27-ftS 

2J-43 

82-63 

19-75 

21-47 

22-87 

24-97, 

6 

12-9 

55 

8-22 

13-18 

56 

7-47 

10-2 

16-9 

55 


40-83 

46-44 

26-41 

28-84 

.y-03 

19-32 

20-99 

22-42 

24-57 

7 

11-83 


9-5 

16-65 


8-67 

11-7 

188 

55 
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•Table 18 — {continued). 


D, 

1 

i 

! D, 

II. 

III. 

IV. 


2011 25 1 34-6 60 


44-.'l5 

718 

48-65 

88S 

42'58 

10-40 

41-8 
1208 

I 

8 13-57 



45-2 

16-5 

65 

38*5 

U'o 

17-8 

65 

37-86 

48-67 

19-31 

65 - 

37 

43 

20-63 

65 

.30 25 

42-25 

21-94 

65 

35-36 

41-56 

23-20 

65 

34-68 

40-68 

245 

ft5 

33-72 

40-13 

25-65 

65 

44-54 

49-75 

7-21 

70 

43-83 

49-03 

889 

70 

43-01 1 

48-43 

1053 1 

1 

70 


28-33 

30-70 

33-84 

7-0 

12-20 

70 

27-83 1 

1 30-20 

' 83-4 

8-31 

14-3 

70 


22-72 24-06 

71 12-4 

22- 3^ 23-68 
J-75 15 
fl-'Jl 28-29 

10- 36 17-3 

21-51 22-91 

11- 93 19-6 

21-09 22-52 

13- 45 21-6 
20-72 1 22-15 

14- 93 23-6 : 

20-25 ; 21-65 

16- 38 ; 25-4 i 

19-90 : 21-3 ' 

17- 8 : 27-1 : 

19-46 , 20-88 1 

19- 1 , 28-78 I 

19 ! 20-5 ! 

20- 49 i 30-28 ! 
13-61 j 20-12 I 

21- 80 ! 31-70 

18- 13 j 19-73 I 

23- 09 33-2 1 

17-74 ! 19-34 ! 

24- 31 ' 34-41 i 

17-26 j 18-96 I 

25- 50 L 35-63 ^ 
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Table 18—{contimiedf. 


a 

*» 

g’tf- 

§ 5 

Double effect. 

Triple effect. 

Quadruple effect. 

<e « ^ 

A 

A 

A 

A- 

h. 

A 

A 

A 

A 

S*-(£ 

HOW 

I. 

n. 

I. 

II. 

III. 

I. 

II. 

III. 

IV. 


42-2 ■ 

47-8 

27-34 

29-75 

.32'06 

20 

21-7 

23-1 

25-2 

7 

1211' 

Em 

963 

16-31 

70 

8-75 

12-01 

20 

70 


41-48 

47-00 

26-85 

29-26 

32-47 

19-64 

21-34 

22 74 

24-87 

8 

13-67 

76 

10-94 

18-23 

70 

9-95 

13-5 

22 04 

70 


gow 

46-37 

26-30 

28-85 

32-01 

19-29 

20-96 

22-39 

24-54 

9 

15-2 

PH 

12-22 • 

20-11 

70 

1115 

1506 

24-1 

70 


40-05 

46-66 

25-86 

28-8 

81-56 

18-93 

20-57 

22-03 

2t-21 

10 

16-62 

70 

13-49 

2181 

70 

12-33 

1653 

26 

70 


39-24 

45-05 

25-39 

27-82 

31-09 

18-57 

20-17 

21-67 

23-85 

11 

181 


14-74 

23-5 

70 

13-5 

17-9 

27-78 

70 


38-62 

*44-31 

24-H8 

27 - 3:3 

30-02 

18-3 

19W 

«1-21 

23-51 

12 

19-6 

lula 

16-98 

25-07 

IO 

14-69 

19-38 

29-48 

70 


37-8J 

48-62 

24-4 

26-86 

30-lS 

17-9 

19-46 

20-80 

21^21 

13 

Ei!l« 


17-19 

266 

70 

15-83 

20-75 

3111 

70 


37 

43 

23-9 

26-38 

29-72 

17-5 

19-1 

20-5 

22-9 

14 



18-39 

28-2 

70 

16-97 

22 08 

32 63 

70 


36-28 

42-27 

23 42 

25*9 

29-24 

17-2 

18-65 

20-15 

22-56 

16 



19-59 

29-6 

70 

18-12 

23-38 

34-09 

70 


86-57 

41-57 

22-95 

25-43 

28-79 

16-74 

18-29 

19-79 

22-31 

16 

24 83 


2076 

30-98 

70 

19-21 

24-59 

35-33 

70 

f? ' 

34-85 


22-44 

24 94 

28-3 

16-00 

17-8 

10-40 

21-9 


70 

21-92 

32-3 

70 

20-38 

25-91 

36-9 

70 
















CHAPTER XI. 

MULTIPLE EFFECT EVAVORATOBS, IN WHICH STE.AM (“EXTRA 
STEAM”) IS TAKEN FROM THE FIRST AND FOLLOWINC 
VESSELS FOR OTHER PURPOSES THAN TO HEAT THE NEXT 
■ VESSEL. 

In the foregoing, those multiple evaporators have been considered, 
in which the steam produced in the first vessel is only used to heat the 
next vessel,In which the operation of ropeatecHy using the steam 
is dhrrkd out without interference. It is, however, often the case that 
from the first, and frequently from later vessels, considerable quantities 
of steam are taken to be used for other manufacturing purposes. This 
method has the adv,: itage of economising steam, for when steam is 
taken direct from the boiler for other purposes than for the evaporator, 
a certain consumption of fuel is necessitated. Naturally when this 
specially required steam is drawn from the first vessel’of the 
evaporator, additional high pressure steam has,to be supplied, since 
as much more heating'steara must be supplied to the first vessel as is 
necessary to produce the steam taken from it. But then this extra 
steam is produced from the liquor, which is thus freed from the weight 
of ivater turned into steam, which weight of water has not now to be 
removed by a separate consumption of high pressure steam. 

It is noteworthy that, when this extra steam is taken from the 
second or one of the following vessels, the economy in high pressure 
steam is still greater, for steam is now used for manufacturing purposes 
which has already removed several times its own weight of water 
in the evaporator. It would naturally be most advantageous to take 
the steam required for other purposes from the last vessel of the 
evaporator, which is indeed done, when practicable, but it must be 
remembered that the temperature of the steam falls considerably 
from the first to the last vessel, and the extra steam must thus 
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be drawn from that particular earlier vessel which affords a sufficiently 
higl^ temperature. 

The saving for every 100 kilos, of extra steam, taken from the vessels 
indicated, is as follows:— 


Double 

Triple 

Quadruple 

effect. 

effect. 

effect. • 

From vessel L 47*5 

31 

22-5 kilos, of heating steam. 

* »> » ”* 

62 

45-0 

„ „ IIL - 

— 

67’5 „ t, i» 


Just as in ‘the preceding section there are here two questions to 
answer' 

A. How much water must be evaporated in each vessel of a 
multiple evaporator, when extra steam is taken from the separate 
vessels? 

B. What is then the strength of the solution in each vessel ? 

* • C 

Ai How much Water must be Evaporated in Each Vessel iff a 
Multiple Effect Evaporator when Extra Steam is taken 
from the Separate Vessels? 

The diagrammatic representation of the evolution of steam in the 
separate vessels given in Big. 11 provides a clear idea of the process. 
We may suppose the production of extra steam in all the vessels 
completely soparated^from the regular evaporation of the liquor, for 
it may be assumed that there are separately introduced into the first 
vessel:— 

1. The water, which is to be converted into steam in the various 
vessels by the extra evaporation, then to emerge partly as steam, 
partly as condensed water. 

2. The liquor, which was originally mixed with this water but is 
now separate from it, and which now contains the same quantity of 
solid matter as originally, but less water by the amount which is to 
be used in the formation of extra steam. The liquor is thus to be 
supposed more concentrated from the beginning. We can find the 
quantity of water to be evaporated in each vessel and in all together 
for the purpose of producing extra steam. By subtracting this weight 
of water from the total weight of liquor, we obtain the weight of 
liquor to be evaporated, on our supposition, Jm the ordinary manner. 



















98 


kvapobating and condensing apparatus. 


Let W = the original weight of liquid, 

r, = its original percentage strength lin solid matter, 
r, = its percentage strength after the supposHitious removal of 
tho txtra steam, 

Cj = the weight of the extra steam to be taken from vessel I., 
e ~ TI 

fi - " III 

If from tho second vessel Cj kilos, of extra steam are to be with¬ 
drawn, then for this purpose ijj kilos, of steam must be produced in 
the first vessel. And, if Cj kilos, of extra steam are to be removed 
from tho third vessel, for that purpose kilos, must be produced in 
the second and €j kilos, in the first. 

Thus, in order to draw-off the weights of extra steam, e^, c.^, and Cj, 
it is necessary to develop 

In vessel I. Cj + ij] + fj kilos, of steam. 

„ 11. Co + rj 

,, III. Cg „ 

Thus tho development of extra steam withdraws from the liquor, 
W, the weight of water or steam, 1>‘. 

«! + «2 + ''a + + ^2 + ’/i.(^5) 

Thus there remains to be evaporated in the ordinary manner tho 
ikeight of liquor, 

TK - /). = IF — (Cj *f Cg + fig + 2 + tg + yj . . (96) 

The percentage of solids in the liquor rises thereby from r, to r„ 
and 

^__= (97) 

The weights of extra steam, Cj + «g + Cg, are given; the weights, 
*11 *21 ’ll! O'te now to be determined. 

In order to obtain usable results we shall here, as in the pre¬ 
ceding chapter, neglect those differences in evaporative capacity pro¬ 
duced by differences in the fall of temperature from one vessel to 
^another. We shall also adopt the average values previously obtained 
for the self-evaporation and the increased evaporation due to the 
diminution of the total heat of the steam in the later vessels. The 
errors so produced are small and negligible in practice. 
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The conolusisna of the preceding chapter lead to the following 
expressions:— * 

Double effect. TripVe effect. Quadruple effect. 

1 1 1 
‘X “ 1'046®* ’'x " l-0075®x ’’x “ l'0055®x 


• 1 - 

*x “ FOOTS'x 


1 

‘x “ IWSS'x 


1 

*2" 1-103®* 

or 

€ j "• 0'967 Sj % 0-992 Cj ijj = 0'995 

€j <• 0-992 cg «i = 0'995 tj 

• cj = 0-9067 Cj 
ijj = 0-902263 


Thus, as a result of the removal of the extra steam, Cj, e^, and e,, 
trom the quaftrupfe effect, the total quantity of wat^ withdrawn from 
the liquor is 

D, = Cl -H 63 -(• 63 0-99563 0-900763 -f 0-902263 

= Cj -I- 1-99563 + 2-8089 63. 

D. gives the quatit-ty of water (or total weight of steam) removed 
from the liquor, when in the first vessel 6j, in the second 63, and in the 
third 63 kilos, of extra steam are drawn off. 

, fh Table 19 are given for many oases the weights of water which 
must be evaporated in the separate vessels of a,multiple evaporator 
in addition to the ordinary evaporation of the liquor, if the weights of 
extra steam Cj, 63, 63, are withdrawn. _ 

If this water, evaporated for the production of extra steam, be 
subtracted from the weight of the liquor, and the remaining water 
still to be evaporated divided among the single vessels as shown 
in Chapter X., and finally the weight of extra steam taken from each 
vessel be added, th- total evaporation in each vessel is obtained. 


Example.—W = 100 kilos, of liquor are evaporated in a quadruple effect 
evaporator from the concentration r/ = 10 per cent, to r„ - 65 per cent. From 
the hrst vessel e, = 12, from the second e, = 6 and from the third = i kilos, of 
extra steam are to be withdrawn per 100 kilos, of liquor. 

100 kilos, of liquor of 10 per cent, strength will give 

10 X 100 

—^— = 15-38 kilos, of 65 per cent, strength. 
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Table IS. 

The weights of steam which must be evolved in each vessel of a 
multiple evaporator, and the totj>.l quantity of water lost in con¬ 
sequence by the liquor, if e„ e., and e., kilos, of extra steam, are 
taken from the vessels. 


If kilos, of extra steam are 
withdrawn from vessel I. per 
100 kilos, of liquor. 

2 

'S 

O' 

;=J 

ce 

u 

w 

o 

!*• 

If ej kilos, of extra steam are 
withdiTiwii from vessel II, per 
100 kilos, of liquor, 

m 

a 

s 

<n 

i 

B- 05 
. cv 

S'S II 
® - - 
S 2 p- 

SSt- 

gS 

E3 t 

2 ® ■ 

.9 

o 

(0 

u 

0 

9 

•2 » 
o 

52 

■** p 

9 + 

If kilos, of extra' steam are 
withdrawn from vessel III. 
per 100 kilos, of liquor, 

O 

"lg 

ill 

« 

k © ", 

.S.S " 

a1o 

© 3 

a a 

tc 

9 

B 

OQ 

O 

_ *n 

i 

*H .6 

'© ^ 11 

>5 s® 

c © 
as 

.9 

03 

S 

s| 

. 

V * 

H ©■ 



. ‘*2 

Vi 

e-i + 11, 

4*. 

t-) 


''.-.-tej-l-f, 









2 

0 % 

2 

1-986 

3-986 

2 

1-813 

1-804 

5-017 

4 

s 

4 

3-972 

7-972 

4 

3-626 

3-608 

11-234 

6 

^ 2 

6 

5-958 

11-958 

6 

5-'439 

5-412 

16-851 

8 

s.^ 

8 

7-944 

15-944 

8 

7-252 

7-216 

22-468 

10 

.e- tfl 

10 

9-93 

19-930 

10 

9067 

9-022 

28-089 

12 


12 

11-916 

23-916 

12 

10-880 

10-826 

33-706 

14 

o 

14 

13-903 

27-903 

14 

12-693 

12-630 

39-323 

'16, 

» 

16 

15-888 

31-888 

16 

14-504 

14-431 

44-935 

18 

JS 

18 

17-874 

35-874 

18 

16-321 

16-240 

50'661 

20 

.SP 

‘S 

20 > 

19-86 

39-860 

20 

18-130 

18-040 

56-170 

22 

22 

21-846 

43-846 

22 

19-960 

19-861 

61-824 

24 

u 

24 

23-832 

47-832 





26 

JS 

H 

26 

25-818 

51-818 





28 

28 

27-804 

55-804 





30 


30 

29-790 

59-790 





32 


32 

31-773 

63-773 






Thns there must be evaporated 100 - 15-38 = 84-03 kilos, oi water. 

Next, to determine the weight of steam which must be evolved in each 
vessel in order to produce the extra steam. 

From Table 19 we find 


In vessel 
For e, = 12 
For Cj = 6 
For S; = 4 


I. n. in. 

c, = 12 - _ 


V,= 5-'J68 

II 

— 

t, = 8-608 

*2 = 3*026 

<-., = 4 

21-566 

9*626^ 

4 


Total, 

35-192 kilos. 
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Thae in the fiist vessel 21-S66, in the second 9-626, in the third 4-0 kilos, dl 
steam, in all 36-192 kilos., kre withdrawn from the liquor for the formation of 
extra steam. For tvaporaiion in the regular manner there remain 
84-62 - 35-Vj2 = 49-4'28 kilos. 


The quadruple effect evaporates this weight (Chapter X., p, 86);— 


In vessel - 

I. 

«. . 

III. 

IV. 


In the ratio 


; 0-2427 

: 0*2585 

; 0-2844 

Total, 


10-685 D., 

= 1-2-000 29, 

= 12-082 

= 14-061 

49-4-28 kilos. 

Add for extra 






steam 



4-0 

00 


Thus the total 






evaporation ol 





Total, 

ea«h vessel is 

85*251 

21-6‘2(i 

16-682 

14*061 

84-620 kilos. 


The evaporation effected by the transferoneo of heat, i.c., withont self¬ 
evaporation, in each vessel, is, on the average, according to Chapter X. 
(PI). 84, 8,5), 

0-931 X 49 428 = 46-017 kilos., 

of which are evaporated 

In vessel • - I. II. lU. IV. 

In the ratio * - 1 : 1-0055 : T109 : 1-196 Total, 

d=-. 10-685 d = 10-7-25 <2 = 11-837 <2 = T2-770 40-017 kilos. 
Add for extra steam -21-.566 9-626 4-0 0-0 

-- -—-Total, 

32-251 -20-351 15-837 12-770 81-209 kilos. 

B. What is now the Concentration of the Liquor in 
Each Vessel ? 


After finding how much water the liquor loses in each vessel, its 
strength or the percentage of solid matter is readily ascertained. 

If the original liquor contained r, per cent, of solids (in the last 
example, 10 per <-eul.), and from 100 kilos, there were evaporated in 
the lirst vessel Dj -1- Cj -h j/i - 1 - cj (here 32-251 kilos.), then the per¬ 
centage of dry material in the first vessel would be 


100 100 X 10 

~ i00-(Di -h Ci -i- e, -h vi) “ 100 - 32-251 
in the second 

100 X 10 

’’2 “ 100 - (32-251-1- 2i-626j " P®*' 


14-8 per cent., 
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m the third 

100x10 

" *■* “ iOO - (32'2al + 21-626 + 16;682) ” ®®“-’ 

and in the fourth 

100x10 

■ 100-(32-251 + 21-626 h 16'682 + 14-06) “ percent. 

Since the oases which occur in practice are so extraordinarily 
diffei-ent, that they cannot be brought within the limits of a table, 
the attempt must be abandoned; when necessary the calculation 
must be perfomed. 

The coramonebt case in practice is that in which extra steam is 
taken only from the first, vessel; the variations are not then so 
numerous that they cannot be tabulated. Accordingly Table 20 has 
been calculated for this case; the percentage strength is given of the 
liquid in the different vessels of the double, triple and quadruple effect 
evaporator for liquids which are thickened from r„ = 0-l3 per cent, to 
r„ = 50-70 per cent., when M:lra steam to the extent of 5,10,15, 21) or 
25 per cent, is taken from the first vessel. 

Finally, in order to facilitate numerous calculations. Table 21 is 
added. It gives the percentage strengths of solutions, which origin¬ 
ally contained 1-30 per cent, of solids, after 1-38 per cent, of water 
has been withdrawn. 



CONCEKTEATION OF THE LIQUOBS. 
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Percentage of solids in t^e contents of the separate vessels of thedou^e, 
triple and quadruple effe*^ evaporators, for liquids of originally 
r, - 6-13 per cent, strength, when in the first vessel 6,10, 15, 
20 or 25 per cent, of extra steam is drawn off, and in the Isstf 
vessel a liquor of 50, 60 ot*70 per cent, strength is to be produced. 


^ Original strength, 

' , per cent. 

Percentage oi 

extra steam taken 
from vessel 1. 

The Uqnor is 
thereby brought 
*’ to the percentage 
strength. 

Double 

effect. 

% 

Triple effect. 

Quadruple effect. 

I. 

r, 

1 

I. 

»'i 


1 

!.• 

r, 

11. 

Ill. 

r. 

IV. 

6 

5 

fr.'ilo 

10-7 

50 

8-6 

14-1 

60 

7-75 

10-6 

17 

50 


10 

c-co 

11-2 

50 

8-9 

14-7 

50 

8-25 

11-1 

17-4 

50 


ir)# 

f-05 

11-7 

50 

9-40 

15-37 

60 

8-64 

i 11-58 

18-8 

50 


20 

7-5 

12--1 

50 

101 

16-2 

50 

9c24 

12-33 

19-75 

.50 

* 

25 

H 


50 

10-7 

17-03 

.50 

y-81 

18-01 

20 

50 

it 

5 

6'31.5 

11-1 

00 

8-r>() 

14-0 

60 

7-9 

10-79 

17-5 

60 


10 

O'CS 

11-4 

60 

9-00 

14-3 

60 

8*3 

11-3 

lH-5 

60 


15 

7-0,j 

U-04 

00 

0-54 

15-8 

00 

8-7 

11-85 

19-2 

60 


20 

7-t5 

12-69 

00 

10-16 

16-75 

60 

9-3 

12-6 

20-2 

60 


25 

8 

18-45 

00 

10-84 

17-7 

60 

9-88 

18-33 

21-2 

60 

e 

5 

C-315 

n-04 

70 

8-71 

14-9 

70 

7-93 

10-93 

18-3 

70 


10 


11-58 

70 

9-15 

15-4 

70 

8-88 

11-5 

19-1 

70 


15 

7-0,5 

12-11 

70 

9-63 

16-31 

70 

8-76 

12-01 

20 

70 


2(» 

7 5 


70 

10-28 

17-25 

70 

9-3 

12-70 

2k 

70 


25 

6 

18-07 

70 

10-94 

18-23 

70 

9-95 

13-5 

22-04 

70 

7 

5 

7-30 

12-12 

50 

9-9 

15-97 

50 i 

9-05 

12-08 

18-9 

50 


H) 

7-77 

12-7 

.50 

10-35 

16-8 

50 

9-54 

12-7 

19-6 

.50 


15 

8-285 

13-48 

50 

11-3 

17-4 

50 

10-1 

13-36 

20-45 

50 


20 

8-75 

14-1 

60 

ii-fr 

18 

50 

10-7 

14 

21.82 

50 


25 

0-38 

15 

60 

12-3 

19-1 

50 

11-2 

14-8 

22-3 

50 

7 

5 

7'8l> 

12-44 

60 

10 

16-5 

00 

9-1 

12-35 

19-9 

60 


10 

7-77 

13-05 

00 

10-5 

17-1 

60 

9-6 

12-75 

20-7 

60 


‘ 15 

8-285 

13-85 

60 

11-15 

18 

60 

10-18 

13-9 

21-7 

60 


20 

8-75 

14-55 

60 

11-7 

18-6 

60 

10-78 

14-2 

22-67 

60 


25 

0-8;; 

15-4 

60 

12-5 

19-95 

60 

1148 

15-2 

23-66 

60 

7 

5 

7-.i6 

12-61 

70 

10-03 

16-95 

70 

9-15 

12-51 

20-7 

70 


10 

7-77 

13-1 

70 

10-5 

17-76 

70 

9-65 

13-20 

21-5 

70 


1!) 

8-235 

14 

70 

11-24 

18-7 

70 

10-25 

13-9 

22-6 

70 


20 

8-75 

14-87 

70 

11-85 

19-18 

70 

10-86 

14-05 

23-56 

70 


25 

9-8,8 

15-6 

70 

12-62 

20-71 

70 

11-65 

15-56 

24-8 

70 

8 

5 

8-42 

13-8 

50 

11-1 

17-7 

50 

10 3 

13-6 

20-8 

60 


10 

8-88 

14-4 

60 

11-4 

18-3 

50 

10-7 

14-15 

21-3 



15 

9-4 

15-2 

50 

12-5 

19 3 

.50 

11-6 

15-1 

22-6 

50 


20 

10 

15-87 

50 

1.3-16 

20-15 

50 

12-13 

15-76 

23-5 

50 


25 

10-66 

lC-42 

.50 

13-75 

20-88 

50 

12-62 

16-75 

24-0 

50 
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EVAPOBATING AND CONDENSING APPABATUS, 


Table 20—(continued). 




to -*2 « 

— ja bo 

06 cS 

1 p1 

1 




1 

1 - 




e ' 

« 

Double 

ellect. 

t 

Triple effect. 

Quadruple effect. 


V S 

The liqac 
thereby b 
to the perc 
strength. 










Original 
per cent 

a « > 

I. 1 

II. 

1 

> 

1 

I. 

11. 

III. 

IV. 

Vf 

«. 


'•i 

r.^ 






»■» 

'4 

8 

5 

‘ 8-42 

14 

00 

11-3 

< 

18-3 

60 

10-3 

13-9 

21-9 

60 


10 

' 8-88 

14-8 

00 

11-9 1 

19-2 

60 

11 

14-6 

22-8 

60 


15 

9v4 

15-0 

60 

12-7 

20-2 

60 

11-7 

115-() 

23-9 

60 


20 

10 

10-33 

00 

13-34 

21-OH 

60 

12-25 

16-22 

24-8 

61 ) 


25 

lOOC 

17-03 

. 00 

13-70 

21-87 

60 

12-9 

10-92 

25-6 

60 ; 

3 

5 

8-42 

14-3 

70 

11-5 

18-8 

70 

10-4 

' 14-1 

22-8 ' 

70 


10 

8 88 

15 

70 

12 

19-9 

70 

11 

14-9 

23-8 

70 


15 1 

!)-4 

15-7 

70 

12-8 

21 

70 

11-85 

15-8 

25 

70 


20 ! 

10 

10-52 

70 

13-49 

21-81 

70 

12-.S3 

16-5 

20 

70 


25 ; 

JOliO 

17-12 

70 

14-1 

22-0 

70 

12-96 

i7-;>5 

•20-9 

70 

!) 

5 

0 48 

15 2 i 

50 

12-5 

‘ 19-3 

50 

11-5 

15-1 

22-(i 

50 


10 

10 

15-871 

50 

13-15; 

20-13 

50 

12-13 

15-76 

23-5 

*50 


15 

10-5(> 

10 18 

50 

13-751 

20-83 

50 

12-02 

16-76 

24-1 

50 


20 

11-25 

17-5 

50 

14-6 1 

21-93 

50 

13-56 

18 

25-1 

50 


25 

12 

18-5 

51) 

15-49 

22-85 

50 

14-37 

18-31 

20-29 

50 

0 

5 

0-48 

15 0 

60 

12-7 

' 20-2 

60 

11-7 

15-5 

23-9 

' 60 


10 

10-{ 

1033 

00 

13-34 

21-08 

00 

12-25 

16-22 

24-8 

00 


15 

10-51) 

17-03 

00 

13-79 

21-87 

60 

12-9 

16-92 

25-6 

60 


20 

11-25 

18-1 

00 

14-86.1 

23-04 

60 

13-7 

17-85 

26-7 

oo 


1 25 

12 

l'.)l 

00 

15-78 1 

24-15 

60 

U-5 

18-0 

27-7 

00 

9 

3 

9 48 

15-7 

70 

12-8 i 

21 

70 

11-85 

15-8 

25 

70 


10 

10-1 

10-52 

70 

13-49 

21-81 

70 

12-33 

16-53 

2(> 

70 


15 

10-50 

17-12 

70 

14-1 

22 6 

70 

12-93 

17-25 

26-9 

70 


20 

11-25 

18-5 

70 

15-05 

23-9 1 

70 

13-8 

18*25 

28-18 

70 


25 

12 

19-5 

70 

15-95 

25-07 

70 

14-09 

19-.38 

29-48 

70 

10 

5 

10-52 

10-5 

50 

13-H 

20-8 

50 

12-7 

16-5 

24-1 

50 


10 

11-11 

17-8 

50 

14-43 

21-60 

50 

13-37 

17-71 

24-85 

50 


15 

11-70 

18-2 

50 

15-2 

22-5 

50 

14 

18 

25-7 

60 


20 

12-5 

19-1 

50 

10-09 

23-5 

50 

14-9 

18-9 

26-9 

50 


25 

13-33 

20 

50 

17 

24-0 

50 

15-7 

19-8 

27-6 

50 

10 

5 

10-52 

17 

00 

13-9 

21-8 

(>0 

12-8 

16-9 

25-6 

00 


10 

11-11 

17-85 

00 

14-08 

22-79 

00 

13-51 

17-7 

26-5 

60 


15 

11-70 

18-8 

GO 

15-5 

24-8 

60 

14-2 

18-3 

27-4 

60 


20 

12-5 

19-7 

60 

16-38 

24-85 

60 

15-1 

19-2 

28-5 

60 


25 

. u-‘An 

20-77 

oil 

17-20 

25-86 

00 

16 

20-52 

29-7 

60 

10 

5 

10-52 

17-3 

70 

14 

22-7 

70 

12-9 

17-2 

26-9 

70 


10 

12-22 

18-27 

70 

14-80 

23-65 

70 

13-6 

18 

27-95 

70 


15 

12-95 

19-2 

70 

15-6 

24-6 

70 

14-4 

19 

29 

70 


20 

13-75 

20-2 

70 

16-58 

25-87 

70 

15-29 

20 

30-3 

70 

' 

25 

14-00 

21-2 

70 

17-5 

26-9 

70 

16-1 

21 

81-6 

70 

11 

5 

11-57 

17-9 

50 

11-9 

22-2 

50 

13-8 

17-0 

25-5 

50 


10 

12-22 

18-H 

50 

15-8 

23-1 

50 

14-6 

18-6 

26-5 

50 








Original strength, 
per cent. 


CONCENTRATION OP THE LIQUORS. 


Taule 20— {continued). 


ji 

1 

£ 

W 

d 

0 

« . 
■** M 

« S 

U) Q u 

C *9 > 

sli 

"H 

O S 
§-^ e 
^ s . 

S S" 2 

»*.■ 

Double 

effect. 

• Triple effect. 

Quadruple effect 

^ Origina 
' per cent 

I. 

r. 

u. 

r., 

•i.- 

••i 

II. 

r„ 

III. 

n 

I. 

'•i 

n. 

r„ 

III. 

11 

15 

12-95 

19-0 

.501 

10-5 

•24-1 

50 

15-4 

19j5 

27-3 


20 

1375 


ii 

17-5 

25-1 

50 

16-25 

20-4 

28-2 


25 

u-oe 

Wflm 

19 

18-5 

26 

60 

17-2 

21-4 

29-1 

n 

.5 

11-57. 


ii 

15-1 

23-3 

60 

13-8. 

18-1 

27-1 


10 

12‘22 

19-4 

60 

16 

24-5 

00 

14-3 

18-9 

28 


15 

12-05 

20 -a 

60 

10-9 

25-.5. 

60 

15-6 

20-2 

29-3 


20 

1.3-75 

21-35 

60 

17-8 

26-5 


10-5 

21-1 

ma 


25 

l4-(lli 

21-4 

60 

18-8 

27-6 


17-6 

22-2 

31-4 

11 

5 

11-57 

Ift-ft 

70 

15-4 

23-8 


14-1 

18-6 

28-6 


10 

12-22 

lO-H 

70 

10-3 

25-5 


15 

19-7 

29-8 


15 . 

12^15 

20-H 

70 

17-1 

26-5 


15-8 

20-7 

31 


20 

13-75 

21-0 

70 

MH-1 

27-9 


16-6 

21-7 

32-3 

• 

25 

14-Gii 

22-9 

70 

19-1 

29 


17-6 

22-7 

33-4 

13 

5 

12-03 

19 

50 

10-1 

23-6 

Inll 

14-9 

18-9 

26-8 


10 

13-33 

20 

50 

17 

24-0 

KlJ 

15-49 

19-8 

27-0 


15 

11-11 

20-95 

50 

17-93 

26-6 

R7I1 

10-68 

20-8 

28-6 


20 

15 

22 

50 

18-9 

26-5 

KtH 

17-65 

21-8 

29-6 


25 

10 

23-12 

50 

10-0 

27-09 

50 

18-71 

23 

30-6 

13 

5 

12-fi3 

19-7 

60 

16-4 

•24-8 

Iffll 

15-1 

19-5 

28-6 


10 

V aa 

20-77 

60 

17-30 

25-87 

60 

15-99 

20-63 

29-7 


15 

U-ll 

21-77 

60 

18-24 

27-03 


10-92 

21-63 

30-9 


20 

15 

22-86 

GO 

19-27 

28-22 


17-9 

22-7 

32, 


25 

10 

24-03 

60 

Em 

29-48 



23-9 

33-28 

12 

5 

12-63 

20-3 

70 

16-6 

25-8 

70 

J5-3 

20 

30-3 


10 

13-33 

•21-3 

70 

17-59 

27-1 


10-23 

mB 

.30-61 


15 

14-11 

2-2-4 

70 

18-53 

28-3 

70 

17-1 

22-21 

32-77 


20 

15 

^3-54 

70 

19-59. 

29-0 

70 

18-12 

23-28 

E£&9] 


25 

16 

24-83 

70 

20-70 

30-08 

Kil 

19-21 

24-59 

35-33 

la 

5 

13-()8 

20-3 

60 

17-2 

24-9 

50 

16 

20-1 

27-9 


10 

14-44 

21-3 

50 

18-3 

25-9 

m 

17 

21-2 



16 

15-28 

22-8 

50 

19-7 

27-3 

50 

18-4 

22-7 

30-8 


20 

16-25 

23-4 

50 


27-9 


19 

23-3 



26 

17-33 

24-5 

50 

21-4 

29 

.50 

20 

24-4 

32 

13 

5 

13-03 

21 

60 

17-6 

20-3 

60 

10-3 


30-1 


10 

14-44 

22-1 

00 

18-6 

27-4 

60 

17-3 

22 

31-2 


15 

15-28 

23-1 

00 

19-6 

28-5 

60 

18-2 

23 

32-3 


20 

16-25 

24-3 

00 


29-8 

60 

10-3 

24-2 

33-6 


25 

17-33 

25-6 

60 

22 

31-1 

60 

20-5 

25-5 

35 

13 

5 

13-68 

21-0 

70 

17-8 

27-4 

70 

10-4 

214 

31-9 


10 

14-44 

22-6 

70 

18-8 

28-7 

70 

nsi 

22-6 

83-2 


15 

15--28 

23-9 

70 

19-9 


70 

18-4 

23-7 

34-4 


20 

16-25 

2.5-1 

70 

21 

81-3 

70 

19-5 

24-9 

35-7 


25 

17-33 

20-4 

70 

22-3 

32-2 


20-7 

26-3 

37-5 


13 
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EVAPORATING AND CONDENSING APPARATUS. 


Table 21. 


Percontaj'e of solid matter, r,„ in liquors, 
solids, after 1-38 per 


A 

to 

s 

V 







If there be laken from 100 kilos, of 

00 

5 0 

6 01 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

u z 
0 a 

Tf 








the residue contnius 

1 

1 

101 

1-02 

1-03 

1-04 

1-05 

1-06 

1*08 

1*09 

1*10 

111 

1-12 

1-14 

2 

2-02 

2-04 

2-00 

2-08 

211 

2*18 

2*15 

2-J7 

2*20 

2-22 

2*25 

2-27 

li 

303 

3-or» 

3-09 

313 

3-16 

3-19 

3*23 

3-20 

3-30 

3*33 

3-'37 

3-41 

4 

4'04 

4-08 

412 

4-17 

4*21 

4*20 

4-30 

4*35 

4*40 

4*44 

4*49 

4-.55 

fi 

.5-0.7 

5-10 

5-15 

5-21 

5*20 

5-32 

5-38 

5*43 

5*49 

5-55 

502 

5-68 

fi 

600 

6-J2 

019 

6-25 

6-32 

6-38 

0*45 

0*52 

0*59 

/i-or. 

6-74 

6-82 

7 

7-07 

7-13;,.7-21 

7-29 

7-36 

7-45 

7 53 

7-6 

7-69 

7-77 

7*8 

7-95 

H 

8’08 

8-16 i 8-25 

8-34 

H-42 

8*52 

8*00 8*7 

8*79 

8*88 

8-98 

9*09 

9 

9-oy 

1)-18 

9-27 

9-.37 

9-48 

5-57 

9-67 

9-78 

9-89 

8*99 

10*11 

10-23 

10 

10-10 

10-20 

10-31 

10-41 

10-52 

10-04 

10-75 

10*87 

10-99 

11*11 

11*23 

11-36 

11 

IMl 

11-22 

11 M 

11-46 

11-57 

11-70 

11-82 

11-95 

12-08 

12*22 

12*30 

12*5 

12 

12 12 

12-24 

12-37 

12-5 

12-(»3 

12-77 

12*90 13*04 

13-19 

13*33 

13*49 

1304 

13 

1313 

13-26 

13-40 

13-.54 

13*08 

13*82 

13-98 

14-13 

14-28 

14-44 

14*00 

M-77 

14 

14U 

14-20 

14-43 

14-58 

14-73 

14-89 

15-05 

15-20 

15*38 

15-,5-5 

15*55 

15*91 

15 

1515 

15-30 

15-4I> 

15-61 

15*78 

15'9« 

16-12116-31 

10*48 

10-66 

1(»*84 

17-04 

16 

161t> 

16-32 

16-49 

16-68 

10*84 

17-04 

17-2 

17-4 

17*58 

17-77 

17-94 

18*18 

17 

17-17 

17-35 

17-52 

17-70 

17-89 

18*08 

18*28 

18-48 

18-08 

18-88 

19 20:19*32 

18 

1818 

18-36 

18-54 

18-74 

18-96 

19-14 

19-34 

19-56 

19-78 

20*00 

20*20 

20-40 

19 

19-19 

19-39 

19-59 

19-78 

20 

20-21 

20-43 

20-65 

20-88 

21-11 

21-35 

21-59 

20 

20-20 

20-40 

20-02 

20-82 

21-0< 

21*28 

21-5 

21-74 

21-98 

22-22 

22*40 

22-73 

21 

21-21 

21-44 

21-55 

21-88 

22-1 

22*34 

22-.58 

22*82 

23-07 

23*33 

23*58 

23*80 

22 

22-22 

22-45 

22-68 

22-92 

23-15 

23-40 

23*(;5 

23-91 

24*17 

24*44 

•24-75 

25 

23 

23-23 

23-47 

23-71 

23-96 

24-21 

24-46 

24-73 

25 

25-27 

25*55 

2.rH4 

26-13 

24 

24-24 

24*44 

24-74 

25 

25-26 

45*54 

25*81120*08 

26-37 

20*00 

20*90 

27-27 

25 

26'26 

25‘50 

25-77 

26-04 

26*31 

26-59 

27-09127-17 

27-47 

27-77 

28*09 

28-41 

26 

26-26 

26-53 

26-80 

27-08 

27-37 

27-66 

27-96 

28-26 

28*57 

28-88 

29*2 

29*55 

27 

27-27127-55 

27-85 

28*12 

28*42 

28-72 

29-03 

29-34 

29-67 

30 

30*34 

;)0-6» 

28 

28-28 

28-.53 

28-87 

29-17 

29-46 

29-78 

30-1 

30-4 

30-76 

31-11 

31*40 

31-82 

29 

29-29 

29-59. 

29-90 

30-20 

80-53 

30-85 

31-18 

31-52 

31-87 

32*22 

.32*58,32*95 

80 

.30-30130-60 

30-93 

31-23 

31-56 

31-92 

32*25 

32*01 

32-97 

33-33 

33-69. 

34-08 
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Table 21. 

which originally conjained r, = 1-30 per cent, of 
cent, of water has been abstracted.** 
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Table 21— {continued). 

















































CHAPTER XIT. 

THE WEIGHT OP WATEll WHICH MUST EE EVAPORSVTED FROM 
100 KILOS. OFJjIQUOR IN ORDER TO BRING, ITS ORIGINAL 
PERCENTAGE OF SOLIDS, r,. UP TO THE DESIRED HIGHER 
PERCENTAGE : 

The purpose of an evaporator is, as a rule, to increase the original 
strength of a liquid in solids (dry matter) from r, per cent, to a 
greater strength, r„ per cent., by* evaporation of water. How much 
water must be evaporated in each case ? 

If there are r, kilos, of solids in 100 kilos, of liquid, and if this 
r, kilos, is to become r„ per cent, in the concentrated liquor, then the 
might, U, of the conr-ntrated liquid is given by 

(>: C = r„:100or fT=.(98) 

Thus the tvcight of miter to he evaporated from 100 kilos, of 
liquid is 

100 - H = 100 - —= 100(l . . . (99) 

and the weight of water to be evaporated from W kilos, of a liquid, 
which contains r, per cent, of solids, in order to concentrate it to 
the strength of r„ per cent., is 

IF- a=TF(l -0.(100) 

Example.—lOaO kilos, of liquid, originally containing f/ = 10 per cent, of 
solids, are to be evaporated to such an extent that the residue will contain Tu » 6^ 
per cent. Then 


W - P = 1000(1 - = 883 kilos. 
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In Table 22 are given the weights of water* which must be 
■evaporated from 100 kilos, of liquid containing r, =■ 1-25 per cent, of 
solids, in order to produce a concentrated liquid containing 20-70 per 
cent, of solids. 

Tauuk 22. 


The weight of water which must be evajKirated from 100 kilos, of 
liquid in order to bring the original jiercentage of solids, r, per 
cent., up to the desired higher r„ per cent. 


(D 

'O 

iL S 


* Percentage of solids, ? 

u, to be contained in the liquid after 
evaporation. 


— 0 

© 

20 

22*5 

25 

27-5' 

30 

32-5 

35 

40 

45 

50 

60 

' 70 



























o8 















The weight of water in kilos, to be evaporated from 


y, per 





100 kilos, of liquid. 





cent. 






• 







1 

95 

95*6 

90 

96'4 

96-7 

90-9 

97-2 

97-5 

97-H 

98 

98-4 

98-0 

2 


91-2 

92 

92-8 

93-8 

93-8 

94-3 

95 

95'6 

90 

90-7 

99-1 

3 

85 

8()-7 

88 

89-1 

90 

00-8 

91-43 

92*5 

93-3 

94 

95 

95'7 

4 

80 

82-.3 

84 

85-8 

80-7 

87-7 

88-0 

90 

91-1 

92 

93-4 

94-3 

ft 

75 

77-8 

80 

81-8 

83-3 

84-0 

85-8 

87-5 

88-9 

90 

91-8 

92-9 

C. 

70 

7;V4 

70 

78-2 

80 

81-6 

83*3 

85 

80-7 

88 

90 

91-A 

7 

05 

08-4 

72 

74-5 

70-7 

78-4 

80 

82-5 

84-5 

80 

89 

90 

8 

BO 

64-5 

08 

70 

73-3 

75-4 

77-4 

80 

82-3 

84 

87-3 

88-(i 

• !l . 

55 

00 

04 

67-2 

70 

72-3 

75 

77-5 

80 

82 

85 

87-1 

10 

50 

55'« 

00 

63-7 

00-7 

69-3 

71-5 

75 

77-8 

80 

83-3 

85*7 

11 

45 

51-2 

5(fl 

00 

63'3 

60-2 

()8*8 

72-5 

75-0 

78 

82 

84-1 

12 

40 

40'7 

52 

50-4 

00 

631 

Cfl-O 

70 

73-4 

70 

80 

82-S 

13 

35 

42-3 

48 

52'7 

5e'7 

60 

62-9 

67-5 

71 

74 

79 

81-4 

14 

30 

37-8 

44 

49 

53*3 

50-8 

60 

05. 

08*9 

72 

77 

80 

I.") 

25 

33-4 

40 

45-4 

50 

53-8 

57-3 

62-5 

00'7 

70 

75 

78 0 

10 

20 

29 

80 

41-8 

40-7 

50*8 

54-4 

00 

04-5 

08 

73-4 

77-1 

17 

15 

24-5 

82 

3H-2 

43-3 

48-3 

5P4 

57-5 

02-3 

00 

71-7 

75-7 

IS 

10 

20 

28 

34-0 

40 

44-0 

50 

55 

00 

04 

70 

74-3 

10 

5 

15-(; 

24 

31 

30-7 

41-C 

45-7 

52-5 

57-8 

02 

08 

72-9 

20 

— 

11-2 

20 

27-3 

3:i-3 

38-5 

43 

50 

So'H 

00 

67 

71-4 

21 

— 

fi'7 

10 

23-7 

30 

85-4 

40 

47-5 

e53-4 

58 

05 

70 

22 

— 

2-.S 

12 

20 

20-7 

32*3 

37-2 

45 

5M 

50 

03-4 

6S’6 

2:1 

— 

•_ 

8 

10-3 

23-3 

29'3 

34-3 

42-5 

48-9 

54 

01-7 

07’2 

24 

— 

— 

4 

12-8 

20 

26-2 

31-5 

40 

40-0 

52 

00 

05-8 

2.-. 

— 

— 

— 

I'H 

10-7 

231 

28-5 

37-.5 

44-f> 

50 

58-3 

04 4 










CHAPTER XIII. 

THE RELATIVE PROPORTIONS OF THE HEATING SURFACES IN THE 
ELEMENTS OF. THE MULTIPf.E EVAPORATOR AND THEIR 
REAL DIMENSIONS. 

In Chapter X. we have found the ratios of the evaporative 
capacities (not the real quantities of steam evolved, which are some¬ 
what larger in consequence of self-evaporation) of the separate vessels 
of the multiple evaporator. Thfjse ratios were found to vary with the 
fall m temperature in each vessel, and with the extent to which the 
liquid is to be concentrated, but not to deviate far from a certain 
average value even in the most extreme cases. These mean evapora¬ 
tive capacities were (;. 86):— 

In the double effect - D^:d.^ = 1: 1'045. 

In the triple (iffoot - - ; d.^: {d.^ -H o-j) = 1:1’0075:1-138. 

In the quadruple effect - D^~.d.,‘. (d^ + a -^): (^4 -b 0-4 A 4 ) 

' = 1: r0065 :1-109 :1-196. 

Let Hj, and be the heating surfaces in sq. m.; 6,^,^, 

and the moan differences in temperature between steam and 
liquid; fc,, k.^ k.^ and k^ the coellioienti of transmission (which depend 
upon the viscosity, the pressure of the steam, the shape and nature 
of the heating surface and all the other conditions); and c the heat of 
evaporation of 1 kilo, of steam. Then if the first vessel evolves Hj 
kilos, of steam. 


©4 = 




and the heating surface required by the first vessel is 




-Ddh. 


(101) 
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Thus, for the quadruple effect, according to the above, 
l:l'0055;lT09;l-]96 


C| ■ ^ 




.o^d consequently 


_c, _. l-O OS^ic,, . 1109 c, , 1 T96 c4 

^ib 3^3 ^m4^4 


( 102 ) 

(103) 
to be 

* equal, although they may vary from 637 to 618, thus producing only 
a slight inaccuracy, and, further, if vfe put flj = 1 and = 1, ex¬ 
pressing the values of H and h for the other vessels as fractions, 
since we are now only determining the ratio of the h(!ating surfaces 
to one another, then , 


If now we assume the different values for c,, e.„ Cj and c, 


— 1 ( ^3 — *^ 3 ^ 1 ’ ^4 “ 

and the ratio of the heating smlaces to one another is 

5s «,„j 1-0055 «„„M09 i9„„l-196 

H, ■ 11, -E, -11-^- e:^, ■ ^ ( 9 „ s , 4 s ^ • ii:^ ■ 

If the ratio to one another of the coeSicients of transmission, k, 
were known, the proportions of the heating surfaces could be 
calculated from equation 104, assuming the desired temperature 
differences in each vessel. 

• The coefficients of transmis.sion, fc, are, however, not known, they 
depend upon the thickness of the liquid, the construction and details 
of the apparatus, the’completeness with which the air is extracted, the 
diameter of the heating tubes, whether the steam is in or outside the 
tubes, on the absolute size of th6 heating surface, its cleanliness, and 
finally upon the effective pressure of the heating steam in each vessel. 
For, whilst steam at a pressure of 1 atmos. or more strives rapidly 
to counteract the diminution in pressure produced by condensation 
on the heating surfaces, and passes over the surfaces, steam at a 
low pressure is little inclined to do so, and rests more sluggishly in the 
steam space.' It is often drawn off by the air-pipe in order to conduct 
it more rapidly over the heating surfaces. 

All these different conditions make the coefficient of transmission 
different for each apparatus and each vessel. At the present time 
sufficiently accurate estimations of the coefficient for actual apparatus 
are wanting. Occasional observations made on apparatus in use are 
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rarely quite satisfactory, since the instruments (thermometers, 
vacuum gauges and more rarely hydrometers) are frequently not qui«¥ 
correct (Zeits. angew. Chem., 9th December, 1899), and because the 
influence of the incrustations actually present is unknown. If we, 
give here the ooefficieuts of transmission calculated from a number o1 
such observations, it is from ndbessity with all reserve, and merely 
with the object of obtaining a rough representation. 

From experiments made by Dr. H. Claassen on a triple-effect 
evaporator of a sugar works (Zeits. des Ver. fur Eiibenzucker- 
Industrie, March, 1893), and from other observations made in similar 
factories, the following ratios of the transmission-cqpfllcient for sugar 
juices have been calculated:— 

. Vessel - - - - I. *11. III. IV. 

Double effect - - - 1 :0'66 — — 

Triple effect - - - 1 : 0-70 : 0'33 • — 

Quadruple effect- - - 1 ; 0‘91 : 0’75 ? 0'55 

If these figures were to some extent reliable for average conditions, 
and it the same temperature difference were desired in all the vessels, 
then the heating surfaces would be in the ratios (Equaiion 104):— 

In the double effect 


• - 1 • 1-58 


In the triple effeef 


100 '^ 

■ Q-70 • 0-33 ' 


1:1-44 ; 3.414. 


In the quadruple effect 
, 10055 


M09 119G 


0-91 ■ 0-75 ■ 0'50 


= 1 :1-105 ; 1-48 :2175. 


Similarly, if it were desired to make the heating surfaces of all the 
vessels of equal dimensions, then the differences in temperature (fall 
in temperature) would be in the latio just calculated for the heating 
surfaces. 


Example .—If the total available difierenoe in temperature is dO' 0., the 
following differences in temperatures for each vessel would bo at once deduced 


above ratio, if the heating surfaces 

of the apparatus were 

equal 

Vessel • 

T. 

u. 

III. 

IV. 

Dooble effect* 

- 19-3” 

30-7° 

— 

— 

Triple effect - 

- s-ds' 

13-31'’ 

39-18'’ 


Quadruple effect * 

e - 8'68° 

• 9-d9'’ 

11-845'’ 

18*88« 
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Since thick sluggish liquids, such as gre contained in the later 
.essels, and especially in the last, are only brought by considerable 
differences in temperature into violent^ ebullition and hence to a rapid 
absorption of heat, it is certainly more advisable, it the last heating 
surfaces are to work effectively and consequently also the first, to in¬ 
crease the differences in temperature' (and not the heating surfaces) in 
these (later) vessels. It is always preferable to make the later vessels at 
the most as large as the first and perhaps even to make them somewhat 
smaller. In no case, however, should the heating surfaces of the 
later vessels he made larger than those of the first, if there are not 
special reasons to the contrary. 

For convenience in manufacture and erection all the vessels may 
be made of the same size, nut then sufficient heating surface must be 
added to the first vessel to raise the cold liquor entering it to the 
temperature of this vessel. When extra steam is to be taken from 
one vessel or more, this vessel must be given as much more heating 
surface as is necessary for the production of the extra steam, and 
then the corresponding increase must be given to the heating surfaces 
of the earlier vessels. 


Example .—From 1250 litres of liquor (assumed to weigh 1250 kilos.) 1000 
litres of water are to be evaporated in a quadruple effect evaporator. The initial 
temperature of the liquor is 30'^ C. below the temperature of boiling in the first 
'(^ssei. From each of the first and second vessels 100 kilos, of extra steam are to 
bo taken. 

In order to heat 1250 kilos, of liquor, the specific heat of which is 1, through 
SO** C., 1250 X 30 37,500 calories must be communicated to it in the first vessel, 


i.$., as mqoh heat as would be required to evaporate 


^5W 

o40 


= 70 kilos, of water. 


Further, 100 kilos, of extra steam are to be taken from the first vessel, which 
quantitj also must be conveyed to it. 

If the second vessel is also to give 100 kilos, of extra steam, for that purpose 
there must, according to Table 17 (double effect, evaporation to |), be developed in 
100 

the first vessel *= %'96 kilos, of steam. 

Through'eajfra steam and the evaporation thereby necessitated, 100 + 100 + 
96‘9C ^ 296’9C kilos, of water are taken from the liquor, and there remain 
1000 - 296‘96 708‘04 kilos, to be evaporated regularly in the quadruple effect. 

The single vessels evaporate this, according to Table 17 (p. 85), in the mtio, 

1: 1*16:1-215:1-.375 (total = 4-75). 

Since single vessels must evaporate. 

148:171-08:179-82:208*54. Total, 700*04 kilos, of water. 
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Thus the actual work done by each vessel must correspond to the evaporatioi. 
of the following quantities of i&ter 


In heating the liquor 

70 

• 


_ 

kilos. 

For extra steam 

100 


— 

— 

„ 

For „ 

96-96 

100 


— 

„ 

Eegular • 

148 

171-68 

9 

179-82 

203-54 

>» 

Total, 

„ 1070-00 kilos. 

Totals • 

414-96 

271-68 

179-82 

203-54 


The scK-ovaporation in the second vessel of the quadruple effect, which we 
must consider here in regard to the production of extra steam, for 100 litres of 
liquor (w., for 75 litres of water), is a. = 1-77 kiios. (p, 86), • 

196-90 X 1-77 , „ „ , „ ^ 

=4-648 kilok. 


thus ifl this 


7.5 


and in the quiwlruple effect (reguiar evaporation), far 100 litres of liquor (p. 85), 
■ a, = 1-77, 8, = 1-46, 8, = 2-35, 

thus in this case 

703-04 x 1-77 703-04 x 1-46 

8j=--=16-30,8, = - 

• 703-04 X 2-35 

= • 


76 


75 
■=‘ 22 - 02 . 




The eva 3 >oratioD to be effected by the heating surt^oes is thus 
414-96, 260-70,166*14,181*62 kiios. 


We -may now correctly assume, in order to obtain greater differences of 
temperature in the later vessels, as we have also done in deducing the coefficients, 
k, from the experime' ts, that 1 sq. m. of beating surface has almost the same 
efficiency in each vessel. Then the later vessels can undertake the peatqr 
«vaporation, laid upon them by the nature of the conditions, by reason of their 
greater fall in temperature. The effective capacity differs jp different evaporators 
according to oonstruotlon and circumstances. If we assume for the preceding case 
that each aq. m. of heating surface can develop 20 kilos, of steam per hour, then 
the following heating surface are indicated:— 

70 

Vessel L For heating, ^ - • - . =s 3*5 sq. m. 

For the development of 100 kilos, of 

* * s 

extra steem,-^ - ■ - * = o 

For the 96-96 kilos, of steam re¬ 
quired to produce extra steam 

in vessel II., - * ■ — »» 

For the regular evaporation of the 

quadruple effect, ^ • • = 7*4 „ 


Total. 


20*748 
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Vessel 11. 

100 150-7 

20 20 ■ ■ ■ <■ 

- =4- 12-54 sq. m. 

Vessel III. 

166-4 

20 

- =. 8-32 „ 

Vessel rv. 

181-62 

20 

- = 9-76 „ 


Tolftl - 

- 51-368 „ 


The weight of water, which 1 sq. ro. of heating surface evaporates 
in one hour in the multiple-effect evaporator, cannot be stated as 
universally applicable, since it varies greatly on account of all lha 
reasons previously given, which cannot be expressed in calculations. 
It is therefore necessary to take the figures of practical experience. 
Ordinary vertical evaporators, with brass heating tubes of 1000 mm. 
length and over, evaporate from Ihjuids which present no obstacles to 
evaporation;— 

In the single'effect; 70-80 litres of water per l,hour,.aiid 1 sq. m. 

In the double effect: 30-36 „ ,. ,, „ „ 

In the triple effect: 20-25 „ ,, ,, ,, „ 

In the quadruple effect: 18-21 „ „ ,, ,, ,, 

The same apparatus with the liquor at a low level; about 10 per 
cent. more. 

Apparatus with wide horizontal heating tubes: the same. 

Apparatus with narrow horizontal heating tubes: about 15 per 
cent. more. , 

Iron heating tubes decrease the evaporation by 10-15 per cent., 
chiefly on account of the greater incrustation. 

Apparatus, in which the liquor flows in a tihin film over the heating 
surface, does not evaporate more than that in which the liquor stands 
at a low level. 

Many liquids evaporate with difficulty; the amount of evaporation 
from 1 sq. m. of heating surface is then very much less. 



CHAPTEE XIV. 

THE PBESSORE EXERTED UPON FLOATING DROPS OP WATER 
BY CURRENTS OP STEAM AND AIR. 

Larger or smaller quantities of ev.aporating liquids, and in particular 
drops, are always thrown above the bubbling surface. The current of 
steam, rising along with the drops, exerts on them a driving or lifting 
force, to such an extent that they frequently rise very high in the boil¬ 
ing pans and may even be thrown out, thus giving rise to loss, which 
might bo avoided • 

Finely divided jets or sprays of liquid, upon which the current of 
gas or vapour, intentionally or naturally produced, exerts a moving 
action, are often intentionally produced in condensers and cooling 
apparatus. 

The nature of this action must be known, in order that apparatus 
may be suitably constructed with regard to it. 

The action of a current of steam upon drops is due to the pressure 
it exerts upon them. This pressure depends upon the velocity of the 
current and the density.of the air or steam. shall therefore en¬ 
deavour to ascertain the action of gas and steam of various densities, 
velocities and directions, upon drops of different sizes. 

It must be definitely stated, that, in consequence of the want 
of exact research on this subject, the following considerations are 
based upon certain experiments not made under quite our conditions 
(Grashof, Theoretlsohe Maschinenlehre, Bd. I.), and on certain in¬ 
complete observations of the author's, and must therefore be regarded 
as only tentative. 

The pressure, which an unbounded current of steam, moving with 
a velocity of not more than 10 m., exerts upon a plane surface of O’l 
to 4 sq. m. at right angles to its direction, is:— 

D = f.y,.Q.^ • • ■ • 


. . (105) 
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where D = the pressure in kilos., 

Q = the plane surface in sq. m., 

fi » the weight of 1 c. m. of,t.ir in kilos., ' 

« = the relative velocity between the air and plane in' 
metres, 

g = the acceleration of gravity (9'81), 
ijr = a numerical coefficient. 

This coefficient is, according to Grashof, dependent upon the size 
of the surface and is;— < 

For surfaces of Q = O'l 0 25 0'5 1 2 4 sq. m. 

= 1-86 2’04 2-18 2'34.2-51 2-69 

The same values hold good for the pressure of moving water upon 
a plane surface. 

For spheres of 100-200 mm. diameter, which move in water, 
according to Piobert, Hutton, Borda (Grashof), in the mean, 

^ = 0-51.(106) 

According to experiment of Didion with spherical projectiles, of 
120-160 mm. diameter, moving very rapidly through the air, 

i/- = 0-43 (1 + 0'0023 v) .(107) 

which would give for velocities of 10-50 m. a mean value of 
i/r = 0-4697. 

Now ij/ decreases with decreasing surface, and hence for plane sur¬ 
faces smaller than 0-1 sq. m. would be considerably less than 1-86. Also 
the coefficients for air and water have been foun 1 to differ little. We 
shall therefore take for the estimation of the pressure which air exerts 
upon drops of water, 0-25-10 mm. in diameter, the value if/ = 0-6, 
believing that this figure is quitd on the safe side. 

The pressure of air upon floating drops would accordingly be 

D = 0-6y,.§.|.(108) 

whence 

-Vo^« .('“) 

We shall assume that these equations also hold good for gases and 
ppours, heavier or lighter than air, when the weight of 1 cub. m. of 
these gases is inserted for y„ although we believe, reasoning from 
known facts, that in reality the pressure of currents of air upon drops 
is less than that calculated from equations (IpS) and (109). 
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A drop of liquid is spherical when forces act upon it evenly; bu^ 
when unequal pressures^are exerted upon it, as by currents of air and 
steam in one direction, it is flattened upon the side on which tl.v 
pressure is exerted, thus its diameter will be somewhat increased. 
This circumstance, which is beyond a simple calculation, must be 
neglected, though it increases the pressure upon the drop, t.e., & 
smaller velocity is required tc ifiake the pressure upon the drop equal 
to a given fraction of its weight 

Table 23 has been calculated by means of equation (109), it gives 
the velocities, which currents of carbonic acid, air, and steam at 
100°-10° C. must have, in order to exert upon drop^ of OT-10 mm. 
diameter pressures equal to, and double, their weight. In the case of 
drops of liquids lighter or heavier than water, these velocities will be 
less or greater' they may be calculated* in each case by means of 
equation (108), putting for D the weight of a drop of the particular 
liquid. 

Table 2^ is to bo used with caution, for probably the velocities 
really necessary in order to exeft the pressures, Q and 2G, are greater 
ihan are given. However, two conclusions may be drawn:— 

1. The smaller the drop of water, the smaller is also the velocity of 
the current of steam which exerts a pressure upon it equal to its own 
iveight. 

2. The lower <he pressure of the air or steam, the greater must be 
the velocity to exert a pressure eqml to the weight of a drop. 

Or, in other words, with increasing pressure and velocity of the 
current of air or steam, the danger increases that floating drops will 
be carried away with it 

The volume of the^steam and also its velocity in the same section 
of the apparatus increase approximately in simple proportion with an 
increase in the vacuum (ie., approximately in inverse proportion to 
the absolute pressure). ■ The pressure upon the drop, and hence the 
danger that it will be carried away with the steam, increase, however, 
with the square of this velocity. 

From these facts the conclusion follows; that the sections of the 
apparatus, in which floating drops of water are not to be carried away 
by the current of steam which meets them, must always be determined 
for the greatest vacuum to be expected («.«., for the lowest possibk 
pressure expected). 
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> Table 23. 

The velocities of currents of oatbonic acid, air and steam of different 
water^ O'l-lO mm. in diameter, equal 


Diameter of the drop in mm. - 
'Volume of the drop in cub. mm# 
Section of the drop Q in min , . 

Surface Q in sq. m. 

m 

oog - ■ - - 


0-10 

0-25 

0-0005233 

0-00819 

0-00785 

0-049 

0-0666 

0-168 

2-1778 

5-493 



The velocity of the current of gas or steam when 


OMbomo acid at O' 0., •).=187S 1 atm. abs. 

Air at 15“ 0., 7=1-225 

Steam at 100’ 0.. 7=0-6059 

Vaouum. 

.. 90“ C., 7 =0-4-2829 235 mm. 

80“ C., 7 = 0-29582 406 „ 

„ 70“ t'., 7 = 0-19928 627 •„ 

„ 60“ C., 7=0-13114 612 „ 

.. 60“ 0., 7 = 0-08836 668 „ 

., 45“ C., 7 = 0-06576 689 „ 

40” 0., 7=0-05119 706 ,, 

.. 35” 0., 7 =0-03975 720 „ 

.. 30” 0., 7 = 0-03086 729 „ 

.. 26“ C., 7 =0-02320 737 ,, 

20“ C., 7 =0-01763 743 „ 

■ „ 16” C., 7= 0-01319 747 ., 

„ 10” C., 7 = 0-00951 754 „ 



The velocity of the current of gas or steam when its 


Steam at 100” C. 


] atm. abs. 
Vacuum. 

' 2-67 

4-2 

235 mm. 

3-18 

5-1 

406 „ 

3-82 

0-1 

527 

4-68 

7-4 

612 „ 

5-70 

9-1 

668 „ 

7-35 

11-4 

689 „ 

8-12 

12-9 

706 „ 

9-2 

14-6 

720 „ 

10-4 

16-6 

729 „ 

11-8 

17-0 

737 „ 

13-7 

21-7 

743 „ 

15-78 

25 

747 „ 

18-16 

28-8 

751 „ 

21-35 

32-5 

* 

f 
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Table 23. 

pressures, at which thes*e substances exert pressures upon drops o* 
to, and double, tHe weight of th^ drop. 




3 

4 

5 

6 

7 

8 

9 




14-16 

33-6 

65-4 « 


17.-1 

271 

382 

525 

H 


7-1 

12-6 

m> 

28-3 

38-5 

60-2 

63-6 

78-5 

0-668 

1-337 

2-0 

2-666 

3-336 


466 

5-4 

06 

6-688 

21-844 

43-71 

65-4 

87-17 

109-08 

130-8 

152-05 

170-58 

196-2 

21869 

its pressure is to be to the weight of the drop. 

• 



3-31 

4-09 

5 74 

6-63 

7-41 

8-12 

8-77 

9-38 

9-95 

10*6 

4-22 

6-95 

7-3 

8-42 

9-43 

10-3 

11-1 

11-9 

12-6 

13-3 

€ 

8-48 

10-3 

12 

13-4 

14-06 

15-84 

17 

13 

19 

7*14 

10-09 

,12-:i 

1414 

15-96 

17-46 

18-84 

20-2* 

21-4 

22-5 

8-6 

12*12 

14-8 

17-18 

19-2 » 

21 

22-67 

S14-4 

25-7 

27-2 

10-4 

14-78 

18-1 

20-9 

23-4 

25-6 

27-63 

29-6 

31-3 

33-1 

12-9 

I8'24 

22-3 

28-8 

28-86 

31-57 

34 

86-8 

38-4 

40-8 

16.1 

22-89 

28 

32-2 

36 

39 

42-7 

46 

48-5 

51-2 

18-2 

25-80 

31-6 

3n-‘; 

40-8 

44 

48-1 

51-0 

54-2 

57-7 

20-6 

29-2 

35-6 

42 

40-2 

60-5 

54-6 

59-7 

02 

66-4 

23-4 

33-5 

40-5 

47 

52*4 

57-2 

61-85 

CC-70 

70-2 

74-2 

26*6 

SS 

46 

58-2 

59-5 

65 

70-2 

75-7 

79-7 

84-2 

30-6] 

43*2 

63-3 

61*2 

69*1 

75 

80-95 

87-5 

91-8 

97-1 

36-7 

50 

61-1 

6 

78-9 

86-5 

93-3 

100 

105-8 

112 • 

•40-8 

57-8 

70 

81-6 

91 

99 5 

107-2 

114 

121-8 

128 

48-0 

68 

83 

96 

106*7 

117 

126*4 

^36 

148-5 

155 

pressure is to be equal to double the weight pf tho dr'p. | 

8-48 

12 

14-6 

16-97 

18-97 

20-76 

22-38 

24-1 

25-4 

26-8 

10-09 

14-14 

17-4 

20-2 

22-68 

24-7 

26-64 

28*7 

.30-2 

32 

12-12 

17-18 

21 

24-08 

27-1 

29-7 

82 

34-2 

36-4 

38-4 

14-78 

20-9 

25-6 

39-59 

33 

36-8 

39 

42 

43-4 

47-2 

18-24 

25-8 

31-6 

36-4 

40-08 

44-8 

48-1 

52 

64-3 

57-7 

22-9 

32-2 

39-2 

45-6 

51-1 

64-6 

60-4 

65 

S8-5 

72-4 

25-7 

36-3 

44*7 

61*6 

57-7 

63 

68 

73-2 

77-5 

81-6 

29-2 

42 

60-5 

68*5 

66-3 

71-8 

77 

83-9 

87-5 

92-4 

33 

47 

67-3 

66-6 

74 

81 

87-5 

94-2 

99-6 

104-8 

87-4 

63-2 

65-2 

75-4 

84 

92 

99-75 

107 

112-G 

118-7 

43-3 

61-2 

76-3 

86-7 

97 

106 

114-4 

123 

130 

137-0 

50 

70-6 

86-5 


111 

122 

131-9 

141 

149-6 

158 

57-5 

81-6 

99 

114-8 

128 

140 

151-6 

163 

172-3 

182 

67-6 

96 

117 

135-6 a 

151 

165. 

178-8 

193 

208 

220 













CHAPTEB'XV. 


THE MOTION CP FLOATING DROPS OP WATER, UPON WHICH 
PRESS CURRENTS OF STEAM. 

A. Vertical Currents of Steam upon Falling Drops. 

We shall first enquire what upward pressure a curssnt steam may 
exert upon falling 'drops without carrying them with-it. 

When a drop is loosened from a fixed point in a vacuum and falls, 
its velocity, v, after the time, t, and the height, h, through which it 
has fallen, are obtained from the well-known equations, 

%)“ 'D 

= . (110) 

in which g is the gravity acceleration ■ -- 9’81 m. per sec. per sec. 

Since the attraction of the earth imparts a very small velocity to 
the drop in the first moment, and in the second, third, etc., moments 
adds a second, third, etc., equally small velocity to the first, the 
total velocity increases uniformly, and is, after one second, 9‘81 m., 
after the second second 2 x 9’81 = 19'62 m. per sec., etc. 

Any constant pressure exerted upon a drop in any other direction 
naturally gives it an accelerated motion in that direction, and this 
acceleration is directly proportional to the pressure, since the mass of 
the drop remains the same. If the constant pressure of the gas or 
steam is equal to the weight of the drop, then the acceleration, which 
it imparts to the drop in its direction of action, is also equal to 
{ne gravity acceleration, g = 9'81 m. per sec. per sec. A pressure on 
the drop, x times as large as its weight, communicates to it in its own 
direction an acceleration x times as great as gravity. 
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Thus if the psessure be known, which a current of air or steam 
exerts on a drop, the acceleration which this pressure imparts is also 
known. If the \teight of the drop is G, and the pressure D, then 
the acceleration due to the pressure is 

D 

ffir“ q . 9 - 

Now that this is clear, we may follow the motion of the drop, 
when the known pressure is exerted upon it in its direction of motion, 
in the opposite direction, or at bji angle. 

We shall take for consideration those cases which.may occur in 
evaporators and condensers, in order to obtain frpm the results a 
basis for calculating the dimensions of these pieces of apparatus. 

If "a drop is falling vertically in a uniform current of steam, which 
is ascending vertically, and the pressure of which upon the drop is 
less than the weight of the drop, the fall takes place with increasing 
velocity, butdeciwsing acceleration, until the sum of the velocities ol 
the steam, r.,, and of the drop, v„ causes a pressflre upon the droj 
which is equal to its weight. The sum of the two velocities, tv + v, = 
V, may be calculated from equation (109), and may be obtained from 
Table 23 foi' steam of known pressure and velocity. Then the 
velocity of the drop alone at this moment is immediately obtained 
by subtraction, v, ■= v - v^, so that and i>, are then known. 

The height of fall of the drop, at the moment in which tlje 
opposing pressure is equal to its weight, is obtained from the 
equation v, = ,J • 2yj/^ in which y, is variable. * 

If the pressure of the steam upon the drop at the top of the fall 
is D and at the bottom«G, then altdrs during the fall from 
G-D . ■ G-G „ 

£?i = —y = 0, 

and in fact according to a function of v. Although it is not quite accu¬ 
rate, yet a tolerably correct representation is obtained by assuming that 
G — D 

the mean value of gj is g. Whence we find that the height, h, 

through which the drop must have fallen in order to attain its 
greatest velocity is 
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If the drop has fallen so far, it will thooretioally eontinue falling in 
the uniform current of steam at a uniform velocity without accelera¬ 
tion ; as a matter of fact, friction will influence this*velocity. 

If the velocity of the current of steam which meets the falling 
drop is not regular, but is large below and zero at the point from 
which the drop starts, thus dimjuisiung from below upwards, then 
the height, to which the drop must fall in older to attain its greatest 
velocity, is found from a consideration of the law according to which 
the speed of the current of steam decreases, and the distance through 
which the decrease takes place. 

In opposite current condensers this distance is equal to the height 
of the condensers from the steam entry to the water distributor. The 
decrease in velocity is irregular, being slower above than lielew; it 
follows approximately the law given in Chapter 1. But all the factors 
of influence can only be introduced hypothetically into the calculation, 
which is therefore omitted, espsciaily since the results arp not of great 
practical importance. There is no great deviation from the truth if 
we assume that the height of fall of the drop until it attains its 



The drop falls with increasing velocity in the opposing current of 
steam, and reaches its greatest velocity at the point where the 
opposing pressure is equal to its weight; then its motion becomes 
slower and slower, until it reaches the point at which the opposing 
pressure of the steaM, D, alone is equal to double the weight of the 
drop, ie., at which D = 2(?. With a uniformly increasing velocity 
of the steam this would be at the distance, 2fi, .from above. Here the 
velocity of the drop becomes = 0, but the pressure of the steam at 
once carries it up again. Its upward velocity now increases, and it 
finally oscillates about the point, at which the pressure of the steam is 
eqml to its weight, where it may come to rest. 

.Mthough this representation of the process is not quite exact, 
since the velocities of the steam and the drop in the opposite current 
condenser are in a complicated relation to one another, and the con¬ 
densation, the friction and the presence of the many other drops 
considerably affect the movements, yet it gives an approximate picture 
of the motion of the drops and allows two important conclusions to be 
drawn. 
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1. The condemnation in an opposite current condenser must always be' 
so conducted that all the 'Steam, at the furthest, is liquefied at the water 
distributor; for if steam is still present here, there will still be currents of 
steam, and the possibility that drops may be carried out of the con¬ 
denser. 

2. The speed at which the ^eam enters an opposite current con¬ 
denser (without steps), ought never to be so great that it can exert a 
pressure equal to double the weight of a drop of water. If the condenser 
has several steps the velocity of the steam ought only to exert a pressure 
somewhat greater than the sirujfe weight of a drop. 

In the parallel current condenser the current of s’team enters at 
the top, along with ihe falling drops of water, and follows their direc¬ 
tion ; it therefore exerts a pressure on Jihem when it moves more 
rapidly than they fall, which is almost always the case. Consequently 
the drops fall faster—they more quickly reach the lower part of the 
condenser—and their time of fall is less than when they fall free. 

Since tlfe velocity of the steam diminishes to zero towards the 
bottom, but the spe^ of fall of the drop increases towards the 
bottom, the accelerating action of the steaiii is not very great. It 
raiely increases the velocity of the drop by more than one quarter. 

The jets and sheets of water present in all condensers are very 
much less influenced by the steam currents, it may be because these 
currents meet them sideways. 

B. Horizontal or Inclined Steam Currents tpeet Falling Drops. 

When a cun-ent of air or steam moving in a horizontal directior 
strikes a drop of water falling vertically, the latter is deflected from 
its vertical path. If the side pressure upon the drop begins from the 
same moment as its fall and is equal to its weight, then the drop 
falls at an angle of 45° with the horizon, since the horizontal acceler¬ 
ation is equal to the vertical. With a lower pressure the angle is 
greater, with higher pressures smaller. 

If the horizontal pressure is several times greater tlmn the weight 
of the drop, the direction of fall may approach very nearly to the 
horizontal, but can never rise above the horizontal, since the forces 
act only from the side and downwards but never upwards. 

Should the drop already have fallen vertically through a certain 
distance before the side current meets it. the deviation is considerably 
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less, since now in equal intervals of time the wertioal velocity is 
gi-eater than the horizontal. The danger that the drop will be carried 
■with the side current is therefore 1^. The connection can be seen 
more clearly from the annexed Fig. 12, than it could be made by 
aiiany words. 



Fio. 12. 


If the direction of the current of steam is inclined upwards at 
jthe angle a towards the horizon, then the drop of water will still 
continue to fall if the pressure of the side current, D, is less than 

sin o’ 
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If D is less titan G, the drop cannot be driven upwards at any 
angle; it always falls downwards. 

If the side pressure, D, is eq'iMl to the weight of the drop, 0, the 
drop falls downward when o is less than 90°. When a = 90° {i.e., 
sin tt = 1) the drop is kept exactly in its place. 

If D be greater than Q, the danger that the drop may be carried 
upwards occurs even with small values of a. When D is 1'2S, 1-5 or 
2'0 times as great as G, the upward angle which the current of 
steam may make with the horizon may not be greater than 

sin a = G, 1‘25 Osin a = G, sin a = 

1 1 1 

“““ = r20’ r5°‘'>2’ 

tt = 53°, 41° or 30°. 


Table 24. 

■ The velocities of the currents of gas and steam, which, acting upwards 
at an angle of 30°, 45° or 60“ on floating drops, drive them in a 
horizontal direction. 



i Steam at 100° C.-i a = W 
; '« = 0-6233 = 45“ 

j 7 = 0-6050 J« = 60” 


In Table 24 are given the velocities of currents of carbonic acid, 
air and steam (the latter at 100° C.), at which, striking upwards at 
angles of 30°, 45° and 60° upon drops just beginning to fall, these 
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currents cause the drops to deviate into the horizontal direction. 
Thus if such cuirents are not to carry drops up with them, they 
should be given smaller velocities than those in ftie table, 

A special case is that in which a drop, just falling from an^edge, 
is met by a current moving in a circle round this edge. In this case 
too, D should not be greater than G? if the drop is not to be carried 
upwards. 

Since the distance traversed by drops in apparatus is never very 
great, and their velocity is generally high, it follows that the time 
during which ,the drops move freely is usually very brief. Thus it 
often happens that before the pressure of the steam can materially 
deviate the course of the drop, it has arrived safely at its destination. 

The cases just treated occur in dry opposite-current condensers with 
horizontal or inclined diaphragms. We learn that the sections between 
the diaphragms must be made so large, that the pressure exerted upon 
the drops by the velocity of the steam can never exceed^ their weight. 


C. A Vertical Current of Steam meets a Drop thrown 
Obliquely. 


In Heckmann’s froth separator, Ger. Pat. 70,022 (Fig. 13), two 
other cases occur. The drops are thrown from the froth-plate either 
horizontally or at a downward angle and the current of steam generally 
meets them from below. 

If the drop flies*horizontally from the froth-plate, its weight draws 
it downwards and it falls through the space, s„ in the time, t. 

• 

«/=!«■.( 112 ) 

The pressure of the current of steam from below forces it upwards, 
and it rises in the same time, t, through the space. 


The vertical path is therefore 


.D 


GW 

• • 

. . . . 

, . (113) 




• • (111) 

G2' 

-v(' 

- g) • 


If-g = 1, then s = 0, ue., when the upward pressure is equal to 
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the weight of the, djop, the latter continues in the horisontal direotion 
without deviation upwards or downwards. If the pressure D is greater 
than 0, the drop is carried upwai^^s by the current of steam; if the 
pressure is smaller, the drop falls slowly downwards. 



Fm. 13. 


If, in consequence of the shape of the foam-plate, the drop 
acquires a motion inclined downwards to the horizon at the angle 
o, and the velocity c, whilst a current of steam acts upon it vertically 
from below with the pressure D, the drop describes the downward 
space, s„, in the time, t, in consequence of its original velocity. 

‘ s„ = c< sin a.(115) 

The path downwardB,*due to the earth’s attraction, is 

h = W .( 116 ) 

The path upwards, due to the current of steam, is 

= ( 117 ) 

Its total movement from the horizontal is therefore 

s = s,-p s, - s,, = sin o-p . . . (IIS; 

s retain a + igl‘^^1 . . . (119) 

9 
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Equation (119) indicates that the curve, in which the drop moves 
downwards, is a parabola; we shall, however, assume now for the 
sake of simplicity that the path iq a straight line, from which, as a 
matter of fact, it deviates but little in the portion considered. 

From equation (119) it is also seen that, when the pressure of 
the steam current D from below in less than the weight of the drop, 
the latter (alls below the direction in which it was thrown off, and 
that when D = G, it moves in that direction, ie., at the angle a with 
the horizon. 

IfUis-griMter than 0, the drop'will be earned on to the wall of 
the apparatus above the direction at which it was thrown off. If it 
is assumed that it rebounds at the same angle .as that at which it hit 
the wall, and is now carfied on the rebound by the upward current 
of steam to the same extent as before, this direction of rebound must 
not lie above the horizontal if the drop is not to be carried away 
upwards. 

The pressure from below should thus at most have the effect of 
raising the drop through half the angle of inclination of the plate 

^that is, by 

Then a 

s = ct cos tt tan 2 . (120) 

Now Sj = s„ +'- s, 

therefore “ g ~ cfsina + |f- - cl cos u tan 2 . . (121) 

n 

Hence we obtain the relation between the pressure exerted by the 
steam and the weight of the drop 

D 2o/ a\ 

Q -1 = a - cos a tan 2 j.(122) 

The velocity, c, with which the drops are thrown off from the 
plate is rarely less than 20 m. per second, but is generally 30 m. or 
more. The vessels, in which this separation of drops takes place, are 
rarely mere than 3000 mm. in diameter, the distance from the wall is 
thus 1200 mm. at a maximum, since the plate in this case would be 
more than 600 mm. in diameter. The lime the drop requires in order 
to reach the wall under these circumstances is given by 
20( = 1-2 
or t = OOG sec. 
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In this time of 0'06 seo. a drop may fall freely through 18 mm., 
If the plate has «. downward inolination of 10° with the horizontal, 
then the drops flying off in a straight line from it would hit the wall 
224 mm. l)elow tfie horizontal. ‘IThe pressure of the steam from below 
thus may raise the drop (without danger of carrying it away) through; 
the 18 ram. through which the attraction of the earth drags it down, 
and then through abouthalf224ifim.<,j.e., through 18 + 112 = 130 mm., 


for which roughly a pressure equal to ^ = 7 times the attraction of 


gravity would be requisite. 


If the following substitutions be made in equation (J.22) the results 


contained in Table 26 are obtained:— 


0 = 20, 30 and 50 m., 

a = 10°, 

t = 0'06, 0 03 and O'Ol seo. 


The results indicate how many times the pressure D may be 
greater than 0 before danger occurs that the drqp will be carried 
away. It will be seen that, under ordinary circumstances, a small 
angle, n, is sufficient quite to exclude this danger. 


Table 25. 








CHAPTEB XVI. 

THE SPLASHING OP EVAPORATING LIQUIDS. 

A> The Height to which the Spiashes rise when the Current 
• of Steam acts upon them. 

When liquids are in rapid evaporation, both drops and larger volumes 
are thrown up above the surface. These may then be carried by the 
ascending current of steam, thrown out of the vessel and thus readily 
lost. 

We shall exa'mine to what height portions of the liquid may be 
raised in boiling and under what circumstances losses may occur. 

Three influences affect the motion of portions of the liquid: — 

1. The drops, bubbles and splashes are thrown up with the 
constant velocity, c, by the steam bubbles produced by 
the boiling liquid. 

' 51 . The attraction of the earth draws them down and gives them 

the velocity: v, = gt. 

3. The current of steam rising from the liquid with the velocity, 
Vj, exerts an upward pressure upon the projected portions 
whentij is greater than their upward velocity, c. At the level 
of the liquid the difference in the velocities is Vj - c; 
when the projected portions have reached the highest 
point of their path, at which the velocity is zero, the 
difference in the velocities is V 4 - 0 = 

If «4 is greater than c, the current of steam acts from below upon 
the drops, hubbies and splashes and increases the velocity of their 
ascent. If 1 I 4 is less than 0 , the current of steam exerts a pressure 
(Upon them from above and retards the velocity of ascent. 

If we represent the pressure exerted upon the splashes by the 
current of steam, in consequence of this difference in velocity, by 
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P. at the surfaqp and by P, at the highest point, then the mean* 
P + P 

pressure is approximately ± —■“ and the mean aooelemtion 

P + P 

they receive from this pressure is ± - - ^q ' g. Consequently the 
velocity imparted to them in tife time, t, by the current of steam is 

The total velocity of the splashes will therefore be 
P + P 

. •», = c - pt + —.(1231 

At the highest point, at which v, » 0, • 

P. + P. 

« + ~ “9*.(124) 

Thus thtf time required to reach the highest point is 

% 

*°-7 ; .(126) 

ni - -w) 

The distance described by the drop in the time, t,the height 
to which it has risen in the time, t, is 

= + . . . . (126) 
or , 

+ + . . . (127) 

If V, is inserted for the value in equation (123), then 

^.“^(c + s.).(128) 

When t), = 0 (at the highest point), 

h. = lc .■ . . (129) 

or, inserting the value of t from equation (125), 

‘■"<^'‘•1. 


( 130 ) 
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Prom this equation the height to which drops, bubbles and splashes, 
thrown up from boiling liquids, will rise, can be calculated in all oases 
for which c, P, and P„ are known. Jlhese values mflst now be found. 

Equation (130) shows that the oumnt of steam will carry drops 
from liquids of low specific gravity to a greater height than those from 
liquids of higher specific gravity. . • 

B. The Height to which the Spiashes rise when the Current 
of Steam does not,act on them. 

We shall next consider the velocity, c, with which, and the height, 
h, to which, portions {not drops) of the evaporating liquid wili be thrown 
above its surface, neglecting in the case of these masses the action of 
the rising current of steam. 

1. Steam Heaters, with Vertical Heating Tubes captaining the 
Liquid, under Atmospheric Pressure. 

In this case, if the liquid reaches to, but does not cover, the upper 
end of the tube, isolated bubbles of steam are formed on heating 
gently; they rise’in the tube, pass above the surface and burst. 
When the evolution of steam increases the steam bubbles form a 
current of steam, which continuously leaves the top of the tube, 

' The velocity of the emerging steam is conditioned by its volume 
and the section of ^he tube. The volume of the steam is, however, 
dependent upon the dimensions of the heating surface (i.e., in this 
case the length and diameter of the tube), its evaporative capacity per 
sq. m., and the pressure of the steam. All these factors may vary 
greatly. 

Now, however, steam does not escape alone from the tube; a 
considerable quantity of liquid accompanies it. When the steam 
evolved in the tube throws the liquid out, more liquid enters from 
below, from which, in its turn, steam is formed, which again carries 
with it the fresh liquid. 

The velocity with which the fresh liquid enters the tube depends 
upon the pressure of the column of liquid outside the tube, the 
internal opposing pressure of the steam (which is generally small) 
and on the specific gravity of the liquid. The greater the height of 
the column of liquid and the density of the liquid, and the lower the 
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pressure in the tube, the greater is the velocity with which the liquid . 
enters. 

The pressure of the column of liquid is due to its height outside 
the tube minus the height of the liquid in the tube. The velocity 
with which the liquid enters the tube at the bottom, and consequently 
also the quantity of liquid carried^,into the tube, is greatest when the 
tube contains only steam throughout its entire length. This extreme 
case is, however, unusual. The contraction, due to sharp angles and 
the cylindrical form of the tube, causes the theoretical velocity of entiy 
not to be quite attained. We shall therefore assume, by analogy with 
vertical jets of water, that the greatest velocity with which the liquid 

enters at the bottom is _ • 

V. = 0-8 ^/2gl .(131) 

where* I is the length of the tube in metres. 

The volume of liquid, F/, in litres, which enters at the bottom of 
the tube in one second, is 

V,^v^l0 

= 0 • 8 ^/ 2^10 


^WirJYgl .(182) 

if d be the diameter of the tube in decimetres. 

The volume of steam, in litres, formed in the tube in 1 second, and 
which thus must leave it at the top, is 

^ dirlwlOOO 
“ 10 X 3C00y 


dirlw, 

l 67 


litres 


(133) 


in which w is the evaporative capacity in kilos, per 1 sq. m. per hour. 

Thus the total volume, in litres, which must leave the tube in one 
second, is 

F,= F,+F, = 2d2v^/p + ^ .... (134) 
The velocity, in metres, with which this volume leaves the tube, is 

drrlw 

iv^j2gl+-^ 

‘—ar- 

4 


,_ Iw 

• 0-8 J2gl + ^ 


( 136 ) 
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and tile height, ia metres, to which the liquid would be thrown with 
this initial velocity, if no other force acted on it, is theoretically 

( 136 ) 

This theoretical height of splashing is given in Table 26; other^ 
necessary data for its estimation’will also be found in the same place, 
viz ,:— 

(a) The volumes of steam, Fj, in litres, produced in 1 second in 
tubes of 30, 50, 80 and 100 mm. bore and 1 m. length, when 10, 20, 
30 and 50 litres of water are evaporated by 1 sq. m. of heating surface 
per hour, under atmospheric pressure and vacua,of 234, 405, 611 and 
705 mm. 

(5) The volume of liqm'd, Y„ in litres, which enters at the bottom 
of empty tubes of 30, 50, 80 and 100 mm. bore in 1 second, when the 
external pressure of the liquid is 0’333, 0-5, 0'667,1, 1’5, 2 or 3 m. 

(c) The calculated velocities, c, with which steam and liquid are 
thrown out of the tubes, when the tubes are. 1,1'5, 2 or 3 m. long. 

(a) When the height of the liquid outside the tube is equal to the 
length of the tube, i.e., when the hydrostatic pressure is 
equal to the length of the tube. 

(/3) When the height of the liquid outside the tube is only | of 
the length of the tube, i.e., when the hydrostatic pressure 
is equal to | of the length of the tube. 

(d) Finally, in the same table are given the theoretical heights, 
hg to which the liqlid would rise, without regard to the action of the 
current of steam, for all these oases and also for the case that liquid 
stands over the ends cd the tubes (denoted in the table by to .—tubes 
covered). 

In regard to the last series of figures, it is to be remarked that, 
when the steam and liquid emerging from the tube have to penetrate 
a more or less thick layer of liquid before reaching the surface, they 
have accordingly in proportion to overcome resistance in the layer of 
liquid, the steam bubbles then spread out to the sides and their 
velocity ia retarded. 

In heaters with vertical tubes, which generally stand very near 
together, the steam spreads out as soon as it leaves the tubes to such 
an extent that the isolated currents from the single tubes unite into 
one, the section of which is equal to the whole section above the tubes. 
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The distances apart of tubes vary in different apparatus. The • 
distance from centre to centre may be approximately, 

with tubes of 30 68. 80 100 mm. bore, 

about 45 65 95 116 mm. 

Thus the ratio of the section of ^e tubes to the section of the open 
space above them is as 

1 : 2-479 : 1-877 : 1-573 : 1-608 . . . (137) 

We shall assume that the average ratio is 1:1-746; then the 

velocity of the current of steam above the ends of the'tubes is twt:; 

1-746 

and the theoretical height of the splashes, without regard to the action 
of the current of steam, is 

“ ■(F746)22p. 

The heights c/ the splashes for evaporating apparatus, in which the 
liquid covers the ends of the tubes, have been calculated by means of 
this equation (Table 20d, denoted by t.c.). 

The velocities, c, when the height of the liquid is 1, 1-5, 2 or 3 m., 
are divided by 1-746 in order to obtain the velocity of steam and 
liquid in the larger space above the tubes. The velocity so obtained 
is then squared and divided by 2p = 2 x 9-81 = 19-32, by which the 
theoretical height of the splash is obtained. , 

In the calculation it was assumed that the tubes w-ere quite free 
from liquid; other retarding influences were alsd disregarded. The 
presence of liquid in the tubes diminishes the hydrostatic pressure 
and thus the velocity of entry and the quantity of liquid entering. 
The internal height of the liquid is naturally variable; it will be 
larger the more slowly the evaporation takes place. 

Further, the thickness of the liquid and the height at which it 
stands over the plate, in which the tubes end, have been disregarded, 
since both conditions, in the lack of observed figures, cannot be 
introduced into the calculation. 

The quantity of liquid above the plate, which is constantly being 
renewed by the steam from the sides, has also been disregarded in 
estimating the velocity. It somewhat increases the volume, thus 
the velocity, and therefore the height of the splash; it diminishes the 
height of the splash by absorbing kinetic energy. 
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It is also to be supposed that the vapours, when they become 
free from the somewhat compressed conditions in and over the tuhes, 
expand and by the expansion still finjtlier throw up the liquid. 

The height of the splash of the liquid is diminished by the friction 
to which the projected portions of the liquid are subjected, and which 
is disregarded here. 

Thus, although the heights to which the liquid is theoretically 
splashed, as calculated here, cannot be regarded as absolutely exact, 
yet they make clear what conditions influence the height and in what 
manner. 

Table 26 sliowi that the height of the splanhes from wporating 
liquids increases with decreasing diaineter and increasimj length of the 
tubes, with the pressure due to the column of liquid, with the evaporative 
capacity of the tube per sq. m. of heatinif surface ami with decreasing 
qrressure above the tubes. 

2. Evaporatiitg Ajrparalus, not fitted with Vertical Tubes, but witli 
Flat Bottoms, Dimble Bottoms, Steam Coils or Horizontal Tubes, 
or healed by Open Fire. 

In apparatus o'l these constractions the section available for the 
escape of the steam is always very much greater in proportion to the 
heating surface than when vertical tubes are used. Whilst with the 
Isrtter^the steam space is l'<5-3 sq. dcm. in section (2-2'2 sq. dcin. on 
the average) to 1 si^. m. of heating surface, the former constructions 
give a section of 5, 7, 10 or even 20 sq. dcm. per 1 sq. m. of heating 
surface. Table 27 gives the velocities of the currents of steam evolved 
from vacuum evaporators with steam coils or double bottoms. 

Thus the velocity with which the steam escapes is always much 
lower in the latter apparatus than in evaporators with vertical tubes, 
but the liquid is still raised by the steam to some extent. At the point 
where steam enters the double bottom or heating coils and tubes, or 
where fire strikes directly against the wall of the vessel, a much more 
rapid transference of heat and evolution of steam take place; thus the 
liquid will be thrown up to the greatest extent near the steam entrance. 
Consequently there arises a current of liquid from the warmer to the 
Ijolder parts and back; the velocity of this desirable motion may be 
very considerable. All the liquid which moves towards the place where 

[Continued on p. 151.1 
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• Tables 26a, 26b, 26c, 26i>. 

A. Litres of steam, which emerge in one second from the top of vertical 

heated tubes, SO, 50, 80 and ].00 mm. bore and 1 m. long. 

B. Litres of liquid, which in one sdcond enter these tubes from below, 
c. Velocities with which boiling liquids are projected from vertical 

heated tubes of 30, 50, 80 and 100 mm. bore and 1,1‘5, 2 and 
3 m. height, under vacua of O', 234, 405, 611 and 705 ram., when 
the evaporation is 10, 20, 30 and 50 litres per sq. m. per hour, 
and when the height of the column of liquid is equal to the length 
of the tube and when it is J, of the same length. 

D. IleijIUs, h„ to which the liq’ id will be splashed above the tubes 
under the same conditions, without regard to the assistance of the 
currents of steam. 

• Table 26a. 


Length of 
tube, 1. 

JIctre.K. 

Evaporation, 
u\ por 1 sfj. 
ti. an*’ 1 
hour. 

r.itres. 

VaxJuum. 

mm. 

Litres ofsU’am, wliich leave the top 
.of the tube in one second. 

Bore of tube, mm. 

30 [ 50 I 80 \ m 

Heating surface af tube, sq. m. 

0-094 1 0-157 1 0*ii51 ] 0-3U 

Litres of steam, Vd> 

1 


0 

0-413 

0-75 

1-2 

1-5 


20 

0 

0-826 

1-5 

2-4 

3 


30 

0 

1-239 

2-24 , 

3-6 

4-49 


50 

0 

2-15 

3-74 

6 

7-48 

1 

10 


0-61 

1-02 

1-63 

2-94 


20 


1-22 

2-08, 

3-25 

4-07 


30 


1-83 

3-05 

4-88 

6-1 


50 

234 

3-05 

5-09 

8-14 

10-18 

1 

10 

• 405 

o-tos 

1-472 

2-36 

2-95 


20 

405 

1-766 

2 944 

4-72 

5-9 


30 

405 

2-649 

4-416 

7-08 

8-85 


50 

400 

4-418 

7-359 

11-79 

14-75 

1 

10 

611 

1-992 

3-333 

5-32 

6-056 


20 

611 

3-98 

6-66 

10-64 

13-312 


30 

611 

6-98 

9-99 

15-96 

19-96 


50 

611 

9-96 

16-64 

26-61 

33-28 

1 

10 

705 

5-09 

.8-51 

12-8 

17-02 


20 

705 

10-2 

17-03 

25-6 

34-04 


30 

705 

15-3 

24-53 

38-4 

51-06 


50 

705 

25-47 

42-54 

64-02 

85-09 


If the heated tube is 1’5, 2 or 3 m. tong, then 1‘5, 2 or 3 times as. 
many litres escape from t^e tube. 
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Table 26b. 



Litres of liquid, vvhje'h enter the tube^at the bottom in 
one second when the velocity of entry is 

V = 0‘8 

Length ol the 

- 

, Bore of tube, mm. 


tubd, 

30 

1 so 

80 

100 



Section of tube, sq. decimetres. 


0-070C 

0I9G 

0-502 1 

0-785 

Metres. • 

L'tfes of liquid, Vf. 

0-333 

‘ 1-41 

4 

la 

15-7 

0-5 

1-78 

5 

12-6 

18-78 


2-03 • 

■ 6-6 

14-4 

22-3 

1 

2-61 

6-97 

17-87 

27-94 

1-5 

3-08 

8-51 

21-94 

34-22 

2 

8-58 

9-87 

25-3 

39-56 

3 

4-49 

* 

1207 

80-92* 

• 48-35 


Table 26o. 
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Table Wc—ioontinved). 


Length 
of tube, 

1. 

Metre'^. 

Evapora¬ 
tion, w, 
por 1 sq. 
m. and 

1 hour. 

Litres. 

Height of 
liquid out¬ 
side tube. 

Metres. 

Vacuum. 

Velocity, c, with which steam and 
liquid leave the top of the tube. 
Metres per second. 

Bore of tube, mm. 

,SO 1 .50 1 80 1 100 

1 

ram. 


Veioci 

y.c- 

__ 

1 

30 

1 

611 

12-02 

8-6 

6-76 

6-15 

1 

50 

1 

on 

17-60 

12 

8-89 

7-9 

lA 

' .10 

1-5 

on 

8-5 

6-9 

6 

5-62 

1-5 

20 

1-5 

on 

10-2 

9-5 

7-6 

7-12 

1:5 

30 ■ 

1-5 

611 

17 

,12 

9-12 

8-3 

1-5 

60 

1-5 

on 

25-5 

17 

12-9 

10-7 

2 

10 

2 ' 

on 

10-8 

7 

7-2 

6*8 

2 

20 

2 

on 

16-4 

10-4 

9-3 

8-65 

2 

30 

2 

on 

22 

14 

11-4 

10-1 

2 

50 

2 

on 

33-3 

20 

19-7 

13-5 

3 

10 

3 

on 

15 

—i 

* — 

— 

3 

20' 

3 

on 

23-3 

— 

— 

— 

3 

30 

3 

on 

32-1 

— 

— 

— 

3 

50 

3 

on 

50 

— 

— 

5-72 

1 

10 

1 

705 

10-77 

7-9 

6-1 

2 

20 

1 

705 

18 

12 

8-7 

8 

1 

30 

1 

705 

25 

16 

11-2 

10-1 

1 

50 

1 

705 

40 

2o 

lt)’3 

14-4 

1:5 

10 

1-5 

705 

14-5 

11 

8-2 

7-87 


20 

1-5 

705 

26 

17-5 

12 

10-9 

1-5 

30 , 

1-5 

705 

35 

23 

15-9 

14-1 

1'5 

50 

1'5 

705 

59 

37 

23-6 

20-6 

2 

10 

2 

705 

19 

12 

10 

9-7 

2 

20 

2 

■ 705 

34 . 

21 

15-3 

13-7 

2 

30 

2 

705 

48 

29 

20-4 

18-1 

2 

50 

2 

705 

77 

47 

30-6 

26-8 

3 

10 

3 

705 

28 

— 

— 

— 

3 

20 

3 

705 

49-2 

— 

— 

— 

3 

30 

3 

705 

72-1 

— 

— 


3 

50 

3 

705 

113-5 

— 

“• 


1 

10 

0-333 

0 

2-6 

2-37 

2-2 

2-2 

1 

20 

0-333 

0 

3 

2-75 

2-48 

2*3 

1 

30 

0-333 

0 

4 

3-1 

2-74 

2-6 

« 1 

50 

0-333 

0 

5 

3-87 

3-2 

2-75 

1-6 

10 

0-50 

0 

3-3 

3 

2-8 

2-56 

1-5 

20 

0-50 

0 

4-3 

3-6 

3-22 

2-71 


THE HEIGHT OF SPLASHES. 


148 


Table 2Gc— (cmtiimed). 


Velocity, c, with which steam and 


Length 
of tube, 

1 

Metres. 

Evapora^ 
tiou, to, 
per 1 sq. 
m. and 

1 hour. 

Litres. 

Height of 
liquid out- 
sido tube. 

Metres. 

Vacuum. 

mm. 

liquid leave the top of the tube. 
Metres per second. 

30 1 

Bore of tube, mm. 
50 1 80 

100 


Velocity, c. 


l-u 

■■ 

0'50 

0 

5 

4-2 

3-5 

3-1 

1-5 


0-50 

0 

7 

5-6 

4-3 

3-8 

2 

10 

0-007 

0 

3-6 

3-2 

. 3-4 

3 

2 

20 

■lltlSVM 

0 

5 

3-9 

3-84 

3-3 

2 

30 

Riftwl 

0 

5-6 

d-g- 

4-25 

3-7 

2 

50 


0 

9 

6-3 

5-2 

4-2 

3- 

10 

1 

0 

5-8 


— 

— 

3 

20 

1 

0 

7-1 


— 

— 

3 

30 

1 

0 

8-8 

— 

— 

— 

3 

50 

1 

0 

12-8 

— 

— 

— 

1 

•10 ^ 


234 

3 

2-5 

2-32 

2-2 

1 

20 


234 

4 

3 ■- 

2-65 

2-4 

1 

30 


234 

4-5 

3-5 

2-95 

2-8 

1 

50 

0-333 

234 

6-3 

4-5 

3-63 

3-15 

1-0 

10 

0-5 

234 

4 

3-25 

3-00 

2-6 

1-5 

20 

0-5 

234 

5-2 

4 

3-42 

3-1 

1-5 

30 

05 

234 

6-3 

4-8 

4 

3-5 

1'5 

50 

0-5 

234 

9 

6-4 

5 . 

3-6 

2 

10 

0-067 

234 

4-3 

3-52 

3-5 

3-2 

2 

20 

0-067 

234 

5-9 

4-5 

4-2 

3-9* 

2 

30 

0-667 

234 

8 

5.5 

4-8 

4-2 

2 

50 

0-667 

234 

11-1 

7-5 

6 

5-6 

3 

10 

1 " 

234 

6-2 

— 

— 

— 

3 

20 

L 

234 

8-8 

— 

— 

— 

3 

80 

1 

234 

11-4 

— 

— 

— 

3 

50 

1 

234 

16-4 

— 

— 

— 

1 

10 

0-333 

405 

3-1 

2-7 

2-46 

2-2 

1 

20 

0-333 

405 

4-5 

3-5 

2-9 

2-4 

1 

30 

0-333 

405 

6 

4-2 

3-41 

3 

1 

50 

0-333 

405 

8-8 

5-7 

4-3 

3-8 

1-5 

10 

0-5 

405 

4-5 

3-6 

3 

2-8 

1-5 

20 

0-5 

405 

5-3 

4-8 

3-8 

3-3 

1-5 

30 

0-5 

405 

8 • 

5-8 

5 

3-5 

1-5 

50 

0-5 

405 

12 

8 

59 

4 

2 

10 

0-667 

405 

4-8 

3-95 

3-8 

3-6 

2 

20 

0-667 

405 

7-6 

5-5 

4-8 

4-15 

2 

30 

0-667 

405 

10 

6-9 

5-6 

5 

2 

50 

0-^7 

405 

15-5 

9-9 

7-5 

6-8 
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Table 26c — (continued). 


Length 
of tube, 

1 

Metre!:. 

Evapora¬ 
tion, w, 
per 1 8q. 
m. and 

1 hour. 

Litres. 

j 

Height of 
liquid out-' 
, side tube. 

Metres. 

3 

■1 

1-00 

3 


1-00 

3 


1 

3 

50 1 

1 

1 

10 

0'333 

1 

20 

0-333. 

1 

30 

0-333 

1 

50 

0-333 

1-5 

10 

0-5 

1-5 

20 

0-5 

1-5 

30 . 

0-5 

1-5 

50 

0-5 

2 

10 

0-667 

i 2 

20 

0-667 

2 

30 

0-667 

2 

50 

0-067 

3 

10 

1 

3 

20 

1 

- 3 

30 

1 

3' 

50 

1 

1 

10 

- 0-333 

1 

20 

0-333 

1 

30 

0-333 

1 

50 

0-333 

1-5 

10 

0-5 

1-5 

20 

0-5 

1-5 

30 

0-5 

1-5 

50 

0-5 

2 

10 

0-667 

2 

20 

0-667 

2 

30 

0-667 

2 

50 

0-667 

3 

10 

1 

3 

20 

1 

■ 3 

30 

1 

3 

50 

1 



Vehcity, e, with which steam and 
liquid leave the top of the tube. 
Metres per second. 


Velocity, c. 


7-5 
■ ll-l 
405 I 14'9 
405 22-5 


611 10 
611 16 


611 11 

611 17 

611 8 

611 12-7 

611 20 

611 30-5 

611 12-2 

611 20-6 

611 29-2 

611 46-2 

705 9 

705 17 

705 23 

705 27-8 

705 14 

705 24 

705 33 

705 58 

705 16 

705 30 

705 45 • 

705 75 

705 23 

705 45 

705 67 

705 110 


3 

2-3 

4-1 

3 72 

5-1 

4-5 

7-2 

0 

4 

3-6 

5-6 

5 

7-2 

6 

10-2 

8-8 

4-85 

3-73 

7-2 

5-38 

9-2 

7-13 

13-5 

10-5 

4-7 

4 

7-2 

6-3 

9-6 

8 

15 

12-8 

6-35 

5 

10 

8-1 

14-4 

11-3 

20 

17-8 

8-1 

7-5 

18 

10-5 

18 

15 

29 

23-7 

— 

— 









Evapora* 
Length tion, 
of tube, per 1 sq. 

1. m. and 

1 hour. 


Height to which the liquid is pro- 
^ jocted from the tube, h,. 

Vacuum. 

30 I SO I 80 I 100 

Heiglit of splash, ft,, 
mm. Metres. 





JO 
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Table 2&x>—{c(mtinmd). 


Length 
of tube, 

1 

Metres. 

Evapora¬ 
tion, w, 
per 1 sq. 
m. and 

1 hour. 

Litres. 

Height of 
liquid out¬ 
side tube. 

Metres. 

Vacuum. 

mm. 

3 

n 

3 

0 

3 


t.o. 

0 

3 


1 

0 

3 

20 

3 

0 

3 

80 

to. 

0 

3 

30 

1 

0 

3 

30 

3 

0 

3 

50 

t.c. 

0 

3 

50 

1 

0 

3 

50 

3 

0 , 

1 

10 

t.c. 

234 

1 

10 

0-333 

234 

1 

10 

1 

2,34 

1 

20 

t.c. 

234 

1 

20 

0-333 

234 

1 

20 

1 

234 

1 

30 

t.o. 

234 

1 

30 

0-333 

234 

1 

30 

1 

234 

. 1 

60 

t.c. 

234 

1 

50 

0-333 

234 

1 

50 

1 

234 

1-5 

10 

t.c. 

'2,34 

1-5 

10 

0-5 

234 

1-5 

10 

1-5 

234 

1-5 

20 

tc. 

234 

1-5 

20 

0-5 

284 

1-5 

20 

1 

234 

1-5 

30 

t.c. 

234 

1-5 

30 

0-5 

234 

1-6 

30 

1 

234 

1-6 

50 

t.c. 

234 

1'6 

50 

0-5 

234 

1-5 

50 

1 

234 

2 

10 ‘ 

t.c. 

234 

2 

10 

0-667 

234 

2 

10 

2 

234 

2 

20 

. t.o. 

234 


Height to wht(ih the liquid is pro¬ 
jected from the tube, h,. 


Height of splash, 1 
Metres. 


0043 0'6 
1-35 

0-383 I 
0-45 ' 

1-16 
0 467 
0-57 ' 

1-4 
0-567 
0-8 

1- 67 
0-77 
1-26 ' 

2- 31 

0-7671 0-68 I 0-64 0-6 
0-92 0-75 1 0-62 0-61 


iBlI 


1-23 *0-726 0-66 0-6 
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. Table 26d — (contmued). 


Length 
of tube, 

1 

Evapora- 

Height of 
liquid out¬ 
side tube. 

V 

Height to which the liquid is pro¬ 
jected from the tube, h,. 

tion, V), 
per 1 aq. 
m. and 

Vacuum. 

Bore of tube, mm. 

30 i 50 i 80 1 100 

Metres. 

1 hour. 

Litres. 

Metres. 

mm. 

Height of splash, hi. 
metres. 

2 

n 

0-667 

234 

1 1-01 0-882 0-77 

2 


2 . 

28a 

3-69 2-18 1-98 1-8 

2 

30 

t.c. 

• 284 

1-77 0-887 (J-817 0-727 

2 

30 

0-667 

234 

3-22 1.51 MS 0-88 

2 

30 

2’ 

234 

5-3 2-66 2-45 2-18 

2 

50 

t.c. 

234 

3-13. 1-5 1-12 0-987 

2 

50 

0-C67 

234 

6 2-81 1-8 1-51 

2 

50 

2 

234 

9-38 4-6 3-36 2-96 

3 

10 

t.c. 

234 

1-35 — _ 

.3 

la 

1 

234 

1-92 — _ _ 

3 

10 

3 

234 

4-05 — . _ _ 

3 

20 

t.c. 

234 

2-24 — _ _ 

3 

20 

1 

234 

3-87 _ _ _ 

3 

20 

3 

234 

6-72 _ — _ 

3 

30 

t.c. 

234 

3-4 - - - 

3 

30 

1 

234 

6-5 — , — — 

3 

30 

8 

234 

10-2 - _ _ 

3 

50 

t.c. 

234 

0-33 — _ _ 

3 

60 

1 

234 

13-4 — _ _ 

3 

50 

3 

234 

19 — — — 

1 

10 

t.o. 

405 

0-373 0-30^ 0-267 0-2.53 

1 

10 

0-33r 

406 

0-47 0-365 0-302 0-242 

1 

10 

1 . 

405 

1-1 0-92 0-8 0-76 

1 

20 

t.c. 

405 

0-62 0-417 0-3331 0-298 

1 

20 

0-333 

405 

1-01 0-62 0-42 0-288 

I 

20 

1 

405 

1-86 1-25 1 0-88 

1 

30 

t,c. 

405 

0-82 0-56 0-417 0-27 

1 

30 

0-333 

405 

1-8 0-882 0-578| 0-45 

1 

30 

1 

405 

2-46 1-68 1-23 1-1 

1 

50 

t.c. 

405 

1-6 0-883 0-6 0-483 

1 

50 

0-333 

405 

3-87 1-63 0-93 0 72 

1 

50 

1 

405 

4-8 * 2-66 1-8 1-46 

1-5 

10 

t.c. 

405 

0-64 0-487 0-45 0-403 

1-5 

10 

0-5 

405 

1-01 0-648 0-46 0-392 

1-5 

10 

1-6 

405 

1-92 1-46 1-31 121 

1-5 

20 

. t.c. 

405 

1-09 0-703 0-56 0-5 

1'5 

20 

0-5 . 

405 

1-4 1-15 0-722 0.55 

1'5 

2J 

• 

1-5 

405 

. 3-28 2-11 1-68 1-5 
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Table 26d — (continued). 
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Table 26d— {continued). 


Length 
of tnlie, 
1 . 


Evapora- 
tion, w, 
per 1 sq. 
m. aod 
1 hour. 


Height of 
liquid out 
side tube. 


% 

Vacuum 


Eeight to which the liquid is pro- 
joctod from the tube, h,. 


Bore of tube, mm. 

30 1 50 I 80 1 100 


Height of splash, h,. 


Metres. 

1 Litres. 

Metres. 

mm. 

1 Metres. 

1 


1 

611 

7-2 

3-7 

2-3 

1-86 

1 

50 

t.c. 

. Oil 

6-17 

2-4 

1-32 

1-04 

1 

50 

0-333 

611 

12-8 

5 

2-57 

1-25 

mm 

50 

1, 

611 

15-5 

7-2 

3-96 

3-12 


10 

t.o. 

611 

1-203 

0-793 

0-6 

0-523 

mM 

10 

0-5 

611 

1-46* 



0-65 

1-5 

10 

1-5 

611 

3-61 


■bM 

1-57 

1-0 

20 

t.c. 

611 

1-73 

BQI 

0-963 

0-837 

1-6 

20 

0-5 

611 

3-61 


1-57 

1-25 

1-5 

2(^ 

■ 1-5 

611 

5-2 

4-5 

2-89 

2-51 

mm 

30 

t.c. 

611 

0-483 

2-4 

• 1-38 

1-15 


30 

0-5 

611 

7-5 

5 

2-59 

1-8 

mm 

30 

1-5 

611 

14-5 

7-2 

4-14 

3-45 

1-5 

50 

t.c. 

611 

10-8 

4-83 

2-73 

1-91 

1-5 

60 

0-5 

611 

14-5 

10-2 

6-1 

3-87 

1-5 

50 

1-5 

611 

32-3 

14-5 

8-3 

5-72 

0 

10 

t.c. 

611 

1-94 

0-817 

0-8 


2 

10 

0-667 

611 

3-2 

1-7 

1-28 


2 

10 

2 

611 

5-83 

2-45 

2-4 

2-3 

2 

20 

t.c. 

611 

4-5 

1-8 . 

1-44 

1-23 

2 

20 

0-667^ 

611 

7-5 

4 

2-59 

1-46 

2 

20 

2 

611 

13-5 

5-4 

4-32 

3-7 

2 

30 

t.c.. 

611 

8-07 

3-27 

2-17 

1-7 

2 

30 

0-667 

611 

15-8 

8-5 

4-10 

2-62 

2 

30 

2 

611 

24-2 

7-8 

6-5 

5-1 

2 

50 

t.c. 

611 

18-5 

6-67 

6-47 

BSEl 

2 

60 

0-667 

611 

46-5 

18-1 

10 

5-3 

2 

50 

2 

611 

55-5 

20 

19-41 

9-1 

3 

10 

t.c. 

611 

3-77 

_ 

_ 

_ 

3 

10 

1 

611 

7-4 

_ 


_ 

3 

10 

3 

611 

11-3 

_ 

_ 


3 

20 

t.c. 

611 

8-83 

_ 

_ 

_ 

3 

20 

1 

611 

21-2 

_ 

_ 

_ 

3 

20 

3 

611 

26-5 

— 

_ 

_ 

3 

30 

t.c. 

611 

17 

_ 

_ 

_ 

3 

30 

1 

611 

42-6 

_ _ 

_ 

_ 

3 

30 

3 • 

611 

51 

_ 

_ 

_ 

8 

50 

t.c. 

611 

•41 

— 


__ 
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Table %t>—{ continued). 



Evapora¬ 
tion, w, 
per 1 sg. 
m. and 



Height to i^iioh the liquid is pro¬ 
jected from the lube, h,. 

Length 
of tube, 
1. 

Height of 
liquid out- 
eide tube. 

Vacuum 

so 

of tube, mm. 

1 50 1 80 i 100 


1 hour. 



Height of splash, h 


Metree. 

Litres. 

Metres. 

mm. 


Metres. 


3 

50 

1 

611 

106 

_ 

_ 


3 

■ ,.50 

3 

Oil' 

125 

— 

— 

— 

1 

10 

ic. 

705 

1-9 

1-04 

0-62 

0-57 

1 

10' 

0-333 

705 

4 

. 1-95 

1-1 

0-80 

1 

10 

1 

705 

5-7 

3-12 

1-86 

1-62 

1 

20 

t.d. 

705 

5-47 

2-4 

1-26. 

1-07 

1 

20 

0-333 

705 

14-5 

5-2 

2-60 

1-28 

1 

20 

1 

705 

16-4 

7-2 

3-78 

3-2 

1 

30 

t.c. 

705 

10-4 

4-27 

2-09 

1-7 

1 

30 

0-333 

705 

27 

9^8 

• 4-1 

3-2 

1 

30 

1 

705 

31-3 

12-8 

6-27 

5-1 

1 

50 

t.c. 

705 

26-6 

10-5 

4-43 

3-47 

1 

50 

0-333 

705 

39 

26-5 

9-8 

7-6 

1 

50 

1 

705 

80 

31-0 

13-3 

10-4 

1-5 

10 

t.c. 

705 

3-5 

2-03 

1-12 

1-0 

1-5 

10 

- 0-5 

705 

7-6 

4-03 

1-98 

1-25 

1-5 

10 

1-5 

705 

10-5 

6-1 

3-36 

3 

1-5 

20 

t.c. 

705 

11-3 

5-1 

2-4 

1-98 

.1-5 

20 

0-5 

705 

29 

12 

5 

3-20 

1'5 

20 . 

1-5 

705 

33‘8 

15-3 

7-2 

5-95 

1-5 

30 

t.c. 

705 

20-4 

8-83 

4-3 

3-3 

1-5 

30 

0-5 

705 

55 

20 

10 

6-50 

1-5 

30 

1-6 

705 

61 , 

26-5 

12-6 

9-9 

1-5 

50 

to. 

705 

59 

22-2 

9-26 

7-07 

15 

50 

0-5 

705 

156 

54-5 

20 

15-8 

1-5 

50 

1-5 

705 

178 

66-5 

27-8 

21-2 

2 

10 

t.c. 

705 

6 

2-4 

1-67 

1-57 

2 

10 

0-667 

706 

12-8 

6-15 

3-2 

2-81 

2 

10 

2 

705 

18 

7-2 

5 

4-7 

2 

20 

t.c. 

705 

19-6 

7-33 

3-87 

3-13 

2 

20 

0-667 

705 

45 

20 

8-5 

5-7 

2 

20 

2 

706 

58 

22 

11-6 

9-4 

2 

30 

t.o. 

705 

38-6 

14 

7 

5-4 

2 

30 

0-667 

705 

101 

36-5 

16-2 

11-25 

2 

30 

2 

705 

115 

42 

21 

16-2 

2 

50 

t.o. 

706 

98-5 

36-3 

16 

11-7 

2 

50 

0-667 

705 

281 

100 

38 

28 

2 

50 

2 

705 

296 

V-O 

_ 1 

48 

35' 









THE HEIGHT OP SPLASHES. 


151 


Tablb 26d— {eontirmd). 



• 



Edghi to which the liquid is pro* 


Evapora¬ 
tion, w. 



looted from the tube. lu. 








Length 

Height of 



Bore of tube. mm. 


of tube, 
1. 

per 1 sq. 
m. and 

liquid out¬ 
side tube. 

Vacuum 

30 

50 

80 

100 

1 hour. 



Height of splash, K I 

Metres. 

Litres. 

Metres. 

mm. 


Metres. 


3 

10 

t.c. 

Ri 

13 

_ 

_ 


3 

10 

1 


27 

— 

— 

— 

3 

10 

3 . 

705 

39 

— 


— 

3 


t.c. 

705 

40 

— 

— 

— 

3 

mm 

. 1 

705 

106 


— 

— 

3- 

20 

3 

705 

120 

— 

— 

— 

3 

30 

tc. 

705 

8ff7 

— 

— 

— 

3 

30 

1 

705 

225 

— 

— 

— 

3 

30 

3 

705 

■ffiM 

— 

— 

— 

3 

50 

t.c. 

705 

313 

— 

— 

— 

3 

•.50 ' 

1 

705 

■il!» 

— 

— 

— 

3 

50 

3 

705 

638 

« 




steam is ovolyeil must be thrown up with the steam; it therefore 
inoroasos the rising volume. It is hardly possible W) state how much 
liquid is carried up with the steam; but occasionally it may be many ■ 
times the volume of the steam. 

The evaporative capacity of the heating surface at the steam 
entrance is much greater than the mean capacity^ so that in vacuum 
evaporators with doublq> bottoms and heating coils the liquid is often 
splashed up near the steam entrance to a height as great as in an 
evaporator heated by Vertical tubes. 

C. The Influence of the Current of Steam on Projected Drops. 

In determining the height to which the larger masses of liquid are 
projected, we neglected the action of the rising current of steam, 
which can only be slight. The case is different with isolated drops. 
The.motion of small drops may be very considerably affected by 
currents of steam. 

The velocity, c, with which the drops are splashed out of the 
evaporating liquid, we shall assume to be equal to that of the larg?r 
masses, although the explosion of bursting bubbles, in combination 
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with the action of surface tension, may cause greater initial velocities 
in certain cases. 

The initial upward velocity of the drops thrown up from the liquid 
can never be less than that of the current of steam rising in the steam 
space; it is always somewhat', and may be considerably, greater. 

Cylindrical vessels, in which the liquid is heated by direct fire, 
double bottoms, coils or horizontal tubes, always provide so large a 
section for the escaping current of steam and the rising drops that 
their velocities invariably decrease and become not very different 
from one another. The ratio of tiie section to the heating surface varies 
in this case from 1:1 to 1: 20 (see T&ble 27). 

But in the case of heaters with vertical tubes, in which the ratio 
of the section, available for the escaping etearn, to the heating surface 
is much less, viz., 1 : 50 to_l :100, the initial velocities of the liquid 
are very high, occasionally greater than that of the current of steam. 
At the maximum they are perhaps twice as great. 

The highest initial velocities are rarely produced, but when they 
do occur they must be carefully considered. Gonefally the velocity, 
c, even with apparatus with vertical tubes, will not exceed 4-6 m. per 
second. The velocity of the steam is in this case approximately 4-8 
m. per second. Similarly, in apparatus with coils, double bottoms, 
etc., the velocities ef the drops and steam are fairly equal. 

Bor this reason, and because, when the velocities c and are 
different, the effect is to cause the drops to rise to a less extent, we 
BhAll neglect the pressure, P„, which opposes the ascent of tho'drops 
(for the hi'ihesl possible rise is alone to be determined), and assume that 
no such pressure is present. Equation (130) may then be written; 



This equation shows that when the velocity of the current of 
steam is so great that it exerts a pressure, P„ on a drop at rest 
equal to twice the weight of the drop, 6, {P„ = 20), the drop is 
carried away with the steam and lost, since the denominator of the 
fraction then becomes = 0. 

If the pressure of the steam, P„ upon the drop = 0, is equal 
tq its weight, then equation (189) becomes 
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Table 27. 

Velocity of the steam in the steam space of vacuum evaporators, at 
vacua of 0-7C5 mm., with et^porative capacities of 10-100 kilos, 
per sq. m. and ratios of section of steam space to heating surface 





Section in sq 

m. 





Keating surface in sq. m. 



Kvapo- 




• 



ration m 


_||_|||||| 

mum—— 



Vacuum. 

1 hour 







per sq. 
m. 








Velocity, in metres, of the current of steam in the 



steam space of the vacuum apparatus. 

linn. 

v\ 






0 

• * 

10 

0-04l> 

0-23 

0-46 

0-69 

0-92 

0 

20 

0-09 

0-46 

0-92 

1-38 

1-83 

0 

30 

0T4 

0-69 

1-38 

1-76 

2-75 

0 

50 

0-23 

lio 

2-30 

3-44 

4-59 

0 

100 

0-46 

2-29 

4-59 

.i-88 

9-78 

2:!4 

10 

0-06 

0-32 

0-65 

0-97 

1-30 

234 

20 

0T3 

0-65 

1-30 

1-95 

2-60 

234 

30 

0-19 

0-97 

1-95 

2-92 

3-90 

234 

50 

0-32 

I'62 

2-92 

4-87 

6-50 

234 

100 

0-65 

3-25 . 

4-87 

,9-75 

13-00 

405 

10 

009 

0'47 

9-75 

1-41 

1-58 

405 

20 

o-rt 

0'94 

1-41 

2-82 

3-76 

405 

30 

0i28 

1-41 

2-82 

4-23 

5-64 

405 

50 

0-47 

2-35 

4-23 

7-05 

9-40 

405 

100 

0-94 

4-70 

7-05 

4-10 

18-80 

610 

10 

0'21 

1-05 

410 

3-16 

4-22 

610 

20 

0-42 

211 

3-16 

6-33 

8-44 

610 

30 

0-63 

3-16 

6-33 

9-49 

12-66 

610 

50 

105 

5-27 

11-05 

15-80 

21-10 

610 

100 

2T0 

10-50 

21-11 

31-60 

42-20 

705 

10 

0-64 

2-70 

5-41 

8-11 

10-82 

705 

20 

1-08 

5-4 

10-8S 

16-2 

21-64 

705 

30 

1-62 

8-1 

16-23 

24-3 

32-46 

705 

50 

2-70 

13-5 

27-05 

40-5 

54-1 

705 

100 

5-41 

27-0 

54-1 

81-1 

108-1 
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The dropi then rise to twice the height to which they would rise 
in vaem without the current of steam, i.e., to double the height given 
in Table 26. 

If P, = then the rise is | of'the theoreticaf. 



If P„ = 10, then the rise is'y of the theoretical. 

These considerations and an examination of Table 26 show that 
the ourrent of steam in all cases somewhat increases the height to 
.which large drops rise, but that quite small .drops must often be 
carried completely out of the vacuum evaporator, even with steam 
velocities of 5-6 m. per second. It must also be remembered that 
each vessel is closed at the top and has an exit pipe, of smaller section 
than that of the apparatus and in which, therefore, the steam will 
move with a greater velocity than in the steam spactj of fee apparatus. 
Since the currents conveige towards this exit pipe, they gradually 
acquire a greater velocity in the apparatus itself. 

The lower the pressure of the steam, the greater must be its 
velocity, if equal weights are to flow in equal times through pipes of 
equal bore. If a certain weight of steam, at atmospheric pressure, 
flows through a pipe of a certain bore'with 1 m. velocity, then the 
velocities, in order that the same weight of steam may pass through the 
same pipe, must be 

at 234 405 611 705 mm. vacuum 

1-415 2 4-62 11-84 m. per sec. 

Thus it is seen, that the current of steam in vacuum evaporators 
will carry with it drops the more readily, the lower the pressure, the 
higher the vacuum in it. 

The differences in construction of apparatus, in capacities, sections 
and liquids do not permit us to obtain a single result for the absolute 
height to which liquids and drops rise. But by means of Tables 26 
and 27 this height may.be estimated approximately in any separate 
case. It is certain that, in almost all cases, the small drops are in 
,real danger of being carried away by the steam, and since they are 
generally formed from valuable liquids, endeavours are made to catch 
them again by artificial means. 




BUBBLES OF LIQUID. 
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D. The Action of the Current of Steam on Projected Bubbles 
of Liquid fHollow Drops) and Means for Avoiding their 
Loss, 

We have hitherto always assumed that whole drops of liquid, more 
or less large, have beeu splashed up; this is, however, not the ease 
alone. Dnder certain conditions with evei'y liquid, and with some 
liquids as a rule, hollow drops (bubbles of steam and liquid) are thrown 
up in every size and in groat quantity. These bubbles are projected 
from the liquid with the same velocity, c, as the solid drops, but the 
ascending current of steam has more action upon them, since with 
equal section they present an equal surface to the pressure, but having 
less weight require a lower pressure to receive the same acceleration, 
Whon'projected with the same velocity as b solid drop into a current 
of steam flowing in the same direction hut with lower velocity, the 
hollow drops (bubbles) are more retarded by it than the solid drops 
and hence rise to »lower height. But when projected into a current of 
steam moving in the same directronwith greater volacity, the bubldes 
are carried considerably further than solid drops and may readily be 
removed from the apparatus and lost. 

These steam bubbles, together with tike very small drops of liquid, 
comhtiite, the real source of loss in evaporating liquids. 

In order to determine the heights to which these bubbles rise, 
equation (130) may be used; 



inserting, instead of the height of the solid drop, Q, that of the 
buiihle, which may be 5 , J, etc., of the former. 

It may be seen from this equation how rapidly the height, ft,, 
must rise with decreasing weight of the drop, G. Thus a tall 
apparatus always offers some protection against loss by drops and 
even bubbles, but this protection is far from suftioient for the smaller 
solid drops and the lighter bubbles, which must be retained l)y other 
means. 

Now these steam and foam bubbles may be retained by bringing 
them into a position where they are converted into solid drops, against 
which the current of steam is powerless. Then if the solid drops 
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formed from the burst bubbles be given a motion in a direction different 
to that of the steam, directed downwards and to the side towards a 
protected space, they can almost all be caught and saved. The froth 
separating apparatus of C. Heckmafln of Berlin, German Patent No. 
70,022, is constructed on these principles and hence works vary effi¬ 
ciently. See Fig. 13 (p. 129). ^ 

In order that the steam hubbies may be converted into solid drops 
it is necessary to let them burst. This is accomplished in this case 
by passing the steam, which leaves the apparatus with the pressure 
prevailing therein, into a space in which there is a somewhat lower 
pressure. The excess of pressure thus produced in the interior of the 
bubbles causes them to burst. 

The small difference of pressure required to rupture the bubbles 
differs for every liquid, cvOry degree of eouoentration, and for every 
temperature, and it cannot be exactly estimated a priori for any case. 
Thus it is necessary to arrange this foam separator in such a manner 
that the difference of pressure neecsssary in each case cait be actually 
produced under .working conditions, and can be altered when the 
conditions alter. 

This adjustability of the foam separator is practically its indis¬ 
pensable property. Similar arrangements without this property are 
worthless. 

In Table 28 are given the diameters of the central tube and of the 
outer vessel of this foam separator. The central tube should offer as 
little .resistance as possible to the passage of the steam; its diameter is 
determined by means of the later Table 32, and with regard to the 
steam velocities there given, since these velocities are so low that 
they create very little resistance even in long tubes. The inclina¬ 
tion of the reflecting plate is taken as 10° to' the horizon; the diameter 
of the drops to be retained is assumed to be O’l mm. or more. The 
section of the annular space between the reflecting plate and the wall 
of the vessel is so determined that the velocity of the steam, obtained 
at the highest anticipated vacuum, may exert a pressure upon drops 
of O'l mm. not exceeding twice their weight. Thus, according to 
Table 25, tenfold security, is obtained, so that the apparatus must 
retain even considerably smaller drops. By increasing the angle of 
inclination of the reflecting plate and the diameter of the vessel the 
security against loss of drops is increased. 



heckmann’s foam sepabator. 
Table 28. 
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The foam separator of Ger. Pat. No. 70,022, Fig. 13 (p. 129), 
diameter Oi the central pipe and of the outer vessel. 



Vacuum. 

Evaporation 

0 

120-2 

193-7 

231 









___I 

per hour. 

Diameter 

o’ tl ' 

central pipe, It, and of tlie outer I 





vessel, M. 





R 

M 

R 

u 

R 

M 

R 

ill 

Kilo-!. 





. 




50 

50 

220 

50 

225 

70 

225 

70 

230 

100 

mm 

230 

70 

230 

80 

235 

80 

240 

150 . 

80 

2.00 

80 

263 

90 

26,0 

90 

270 

200 

90 

275 

90 

200 

100 

300 

100 

310 

250 

100 

305 

100 

320 

100 

Bin 

100 

325 

300 

100 

330 

125 

3.00 

12,0 

Kil 

125 

359 

350 

120 

355 

125 

368 

12.0 

370 

125 

370 

400 

125 

370 

125 

38,0 

1,00 

400 

1.00 

407 

500 

125 

400 

150 

428 

1.00 

435 

150 

440 

000 

150 

440 

150 

458 

1,00 

470 

175 

480 

700 

150 

46,0 

1.00 

480 

175 

495 

175 

507 

.HOO 

1.00 

488 

175 

.019 

175 

525 

175 

.030 

900 

175 

525 

175 

545 

175 

5.0,0 

200 

565 

1000 

175 

540 

200 

580 

200 

585 

200 

,090 

1500 

200 

.640 

200 

6.75 

‘225 

690 

225 

705 

2000 

225 

730 

225 

777 

250 

79.0 

2,00 

810 

2500 

2.00 

825 

2,00 

790 

275 

840 

27.0 

890 

3000 

275 

895 

275 

940 

300 

955 

300 

970 

3000 

275 

955 

300 

1010 

300 

1040 

325 

1070 

4000 

300 

1015 

325 

1100 

325 

1115 

350 

1130 

4500 

325 

1100 

326 

11.05 

350 

1175 

3,00 

1190 

5000 

325 

1165 

350 

1220 

3,50 

1235 

375 

12.00 

5500 

350 

1215 

3.00 

1270 

3.00 

1285 

37.0 

1300 

tiOOO 

350 

124,0 

375 

1330 

400 

13.00 

400 

136,0 

6500 

3,00 

1290 

375 

1370 

400 

1390 

400 

1410 

7000 

375 

1340 

400 

1420 

425 

1440 

425 

1460 

7500 

375 

1380 

400 

1460 

425 

1485 

425 

1510 

8000 

400 

1430 

425 

1.020 

4,00 

1535 

450 

1060 








158 EVAPOEATING AND CONDENSING APPABATD8. 


Table 2S—{continued). 






















heckmann’s foam sepakatoe. 


159 


Table 28 — (continued). 



% Vacuum. 

Evaporation 

642-5 

668 

706 







of water 

Diameter of the central pipe, B, and of the outer 

per hour. 



vessel, M. 




B 

U. 

B 

M 

R 

M 

Kilosi. 







50 

100 ' 

273 

125 

290 

145 

325 

100 

125 

315 

150 

• 345 

175 

390 

150 

150 

373 

175 

405 

200 

450 

200 

175 

440 

200 

455 

225 

510 

250 

200 

468 

225 

508 

250 

575 

300 * 

225 

508 

225 

530 

275 

605 

350 

225 

632 

250 

588 

•300 

660 

400 

225 

558 

250 

605 

325 

725 

500 

250 

630 

275 

645 

350 

790 

GOO 

250 

600 

300 

710 

■ 375 

850 

700 

250 

697 

325 

790 

400 

910 

800 

30(' 

757 

350 

845 

425 

965 

900 

325 

830 

375 

885 

450 

1015 

1000 

350 

880 

400 

940 

450 

1050 

150(1 

400 

1036 

450 

1105 

, 500 

1250 

2000 

450 

;160 

500 

1255 

600 

1440 

2500 

600 

1310 

550 

1390 

050 

1690 

3000 

550 

1430 

606 

1610 

700 

1730 

8500 

575 

1520 

625 

1615 

750 

1855 

4000 

600 

1620 

650 

1720 

800 

1975 

4500 

626 

1705 

700 

1820 

850 

2095 

6000 

650 

1800 

Him 

1870 

8-50 

2180 

5600 

675 

1875 

750 

1960 ■ 

900 

2290 

6000 

700 

1960 

750 

2060 

900 

2370 

6500 

700 

2020 

800 

2150 

— 

— 

7000 

726 

2090 


3220 

— 

— 

7500 

750 

2165 

850 

2300 

— 

— 

8000 

750 

2222 

850 


— 

— 
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E. The Change in the Size of Steam Bubbles in Boiling 
Liquids. 

The movement of a boiling liqujd is facilitated ‘by the increase in 
volume, as they rise, of the steam bubbles formed in the lower layers. 
The volume of a small weight of steam produced at the bottom of a 
liquid depends upon the pressure upon it. This pressure is the sum 
of the pressures of the liquid and of the steam or air above it. 

The pressure of the liquid upon unit section of the bubbles is 
proportional to the height of the layer of liquid above the bubble, h, 
and its specific gravity, sy. 

.Is the bubble rises, the pressure of the steam or air generally 
remains constant, ‘but the height, and thence thopressure, of the layer 
of liquid decreases gradually. The bubble therefore increases in volume 
as it rises. 

Table 29 shows the extant of the increase in volume of steam 
bubbles, when they are formed in liquids at various dcuths and under 
various pressures, and then rise upwards. 


Table 29. 

The increase in volume of a steam bubble of 1 cc. capacity, which is 
formed, in liquids of 1-0, 1-1 and 1-3 specific gravity, at depths of 
250-2000 mm. below the surface and then rises, whilst over the 
liquid there is a vacuum of 0-720 mm. 



















CHAPTEE XVII. 

THE DIAMBTEB OP PIPES FOR OONVEYINQ STEAM, 
ALCOHOL VAPOUR AND AIR. 

A. For Steam. 

The pipes, through which gases and vapours are conducted, are made 
of as small diameter as is possible without ill effects, since such pipes 
are cheaper, lighter and more convenient. Thus it is necessary to 
ascertain the least diameter which the pipes may be given in any 
particular case. 

Generally it is required to convey the gases or vapours through 
the pipes with a very small fall in pressure between inlet and outlet; 
the permissible extent of this fall limits the dimensions of the pipes. 

The loss in pressure, which vapours undergo in ^ipes, depends on 
their diameter and length, on the density of the vapour and, in parti¬ 
cular, on the velocity with which the movement takes place. 

Let d = the diameter of the pipe in metres, 

I ~ the length „ ,, 

Q = the sehtion „ in sq. metres, 

Vt, and V, = the velocitiss with which Steam and air respectively move 
in the pipe, in metres per second, 

Zj and z, = the loss of pressure, in metres of water, which the air or 
steam respectively suffers between inlet and outlet, 
ya and y, = the weight of 1 cub. m. of steam or air respectively, in 
kilos. 

Two formul® are known for determining the loss in pressure;— 

1. The formula of Gustav Schmidt, 

7851 1\ . 

+ . 

applicable to air and tubes of 150-200 mm. bore. 

11 
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2. The formula of Gutermuth and Fischer, applicable to steam in 
tubes of 70-300 mm. bore and velocities below 20 m. per second:— 


or 




15 10 I „ 

-Jos yi/i 


. (m 


0-0015 I „ 
i000"^'‘d”'‘ 


(143) 


Unfortunately these two formulae do not give the same result for 
the same conditions; if that were the case, then, when I, d, y and r 
were the same, would equal However, if z, be put equal to z^, 
and the equation transformed, it will be seen that both the formulae 
give the same result for a pipe of diameter d - 0-07 m., and different 
results in all other cases. 


785/ 1\ 15 X 10 15 

10 "’V^ d) “ 10“ 10^ 



= 15 X 103 _ 785 X 5 
, 785 

® ~ 15 X 10» - 785 X 5 


0-07 m. 


The results obtained by Schmidt’s formula (Dingl. polyt. Journal, 
1880; September) are always much lower than those given by Fischer’s 
formula (Zeits. d. V. d. Ing., 1887, pp. 718,749). On this account the 
second formula must be used by preference in doubtful cases, which 
conclusion is strengthened by the valuable researches conducted and 
described by Gutermuth and others, which have shown that the 
values obtained by Fischer’s formula correspond very closely with 
the reality. The equation of Fischer and Gutermuth is found to be 
correct for pipes of 70 - 300 mm. diameter and velocities below 20 m. 
per second; but, in default of any other, this formula must for the 
present be used for pipes of other bores and for other velocities. 

Table 30 has been cslculated according to the formula (143) of 
Fischer, in order to obtain an idea of the extent of the resistance 
.under various conditions. For the sake of comparison and to illus¬ 
trate what has been said above in regard to the two formulae, the re¬ 
sults (which are not used) of Schmidt’s equation are also inserted. In 
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Table 30, a length of pipe of 20 m. is assumed, and the resistance is * 
measured in metres of the water column. It will be seen, what the 
formula al-o expresses, how rapidly the resistance increases with 
the velocity, and how considerably it increases under high pressure, 
i.e., with steam and air of high densities. 

The important question for practical purpose is; What diameter of 
pipe must be used for any definite case ? This question will at once be 
answered. Since, however, not only the bore of pipes for steam, but 
also for alcohol vapour and air, is required, these substances will be 
treated at the same time. , 

Through a tube of given section in a given time much or little 
steam or air may be pent; the quantity depends on the velocity with 
which the substance moves through the tube. But a high velocity 
requires also a large difference in pressure tetween the inlet and outlet 
of the pipe. In many cases the pressure applied at the inlet of the 
pipe is required to be transmitted with as little loss as possible to 
the other e;;i, in ether cases it is undesirable that the pressure at the 
inlet should appreciably exceed the pressure at the outlet, the differ¬ 
ence in pressure between the inlet and outlet being generally regarded 
as loss of pressure. On the other hand too low velocities require wide 
and costly pipes, therefore some difference of pressure is arbitrarily 
chosen and the bore of the pipes determined on this assumption. 

The steair pressures used in practice vary within very wide limits 
—20 atmos. to 0*05 atmos. Thus a constant loss of pressure cannot 
well be assumed for all cases. It is desirable to assume the loss 
of pressure as a percentage of the original pressure. If at one 
end of a pipe there is an absolute pressure of 50 mm. (710 mm. 
vacuum), then a loss of pressure of 10 ;nm. of mercury at the other 
end is quite sensible; but if there is a pressure of 4,500 mm. (5 
atmos.) at one end, then 20-50 mm, can well be spared for the 
transmission of the steam through the pipe. 

Since it is thus decided to devote a certain percentage of the original 
pressure to the transmission of the steam through the pipe, and since, 
if this percentage is fixed, the formula (143) at once gives the velocity 
and thence the weight of steam passing through the pipe in unit 
time, the equation (143) may more conveniently be written: 
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Table 30. 


The loss of pressvire, z^, in metres jf water, experisnced by steam in 

and so m., according to Schmidt (S) 


Absolute pressure, 
atmoB. ' 
Absolute pressure, 
mm. 

Vacuum, ram. - 

3 

2280 

1 

i'6 

lUO 

0-76 

666-7 

210 

Bore 

Velo- 







of pip" 
d. 

City, 

v„. 

8 

F 

s 

F 

s 

P 


20 

0-5826 

0-4086 






30 

1-3110 

0-9194 

— 

— 

_ 

— 


50 

3-6411 

2-5540 

— 

- 1 

.. 

_ 

■IB»M 

20 ' 

0-2947 

0-2918 

0-1536 

0-1521 

— 

— 


30 

0-6632 

0-6566 

0-3456 

0-3423 

_ 

_ 


50 

1-8423 

1-8240 

0-9600 

0-9510 


_ 

■IBKIl 

20 

0-0831 

0-1319 

0-0433 

0-0709 

00224 

0-0368 


30 . 

0-1871 

0-3064 

0-0975 

0-1607 

0-0548 

0-0827 


50 

0-5197 

0-8542 

0-2708 

0-4437 

0-1402 

0-2297 


20 

0-0297 

0-0681 

0-0152 

0-0355 

0-0091 

0-0184 


30 

0-0669 

0-1531 

0-0348 

0-0796 

0-0180 

0-0414 

. 

50 

0-1860 

0-4256 

0-0967 

0-2218 

0-0501 

0-1149 


20 

f "■ 


— 

— 

0-0040 

0-0111 


30 

_ 


__ 

— 

0-0091 

0-0248 


50 

— 

— 

— 

- - 

0-0253 

0-0689 


20 



— 

, — 

- 



30 


— 

_ 


— 

_ 


50 

_ 

_ 

_ 

_ 

_ 

__ 


20 


— 

— 

— 

— 

— 


30 

— 

— 

— 

— 

— 

— 

L_ 

50 






— 


The weight of steam, D, passing through the pipe in one hour 
is then 

D = t>,y,^3600 

whence the section of the pipe may be found. 


(145) 
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Table 80. • 


pipes of 0 05 0'90 m. diameter and 20 m. long, at veloeities of 20, 30 
and Fischer and Gutermuth (F). 


0-5 

36i-6 

406 

0*25 

196-5 

664-5 

0-15 

117-5 

648 

0*072 

54-9 

705 

S 

P 

s 

P 

S 

p 

■ 

P 

0-0030 

e 

0-0239 

0-0034 

0-0135 

_ 

0-0020 

1 

• 

— 

0-0069 

0-0537 

0-0078 

0-0304 

mriMt 

0-0189 

_ 

_ 

0-0190 

0-1493 

0-''225 

0-0845 



— 

_ 

0-0052 

0-0118 

0-0022 

0-0068 

S|Ail 


0-0008 

0-0020 

0-0116 

0-0266 

0-0049 

0-0152 

SfA]% 


0-0018 

0-0046 

0-0322 

0-0739 

0-0136 

0-0423 


0-0263 

0-0050 

0-0128. 

0-0026 

0-0071 

0-0014 

0-0041 

iiiiiiit: 

0-0025 

0-0003 

0-0012 

0-0058 

0-0159 

0-0032 

0-0091 

mTne 

0-0057 

0-0010 

0-0028 

0-0162 

0-0444 

0-0089 

0-0253 

iiiiiK 

0-0158 

0-0028 

0-0077 

— 

— 

— 

— 

— 

— 

0-0003 

0-0012 

— 


__ • 

__ 

— 

— 

0-0007 

0-0019 



_ 

— 

— 

— 

0-0018 

0-0055 

— 


_ 

— 

— 

— 

0-0002 

0-0068 

_ 


— 

— 

— 

— 

0-0005 

0-0015 


~ 


— 


— 

0-0014 

0-0043 


For pipes of equal diameter, d, and equal length, I, the velocity 
of the steam alters only in proportion to the quotient fo*^ 
.llOOOd Jzi 

. 
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If the resistance, Aj, be expressed in percentages of the original 
pressure (in metres of water), it may be seen that ^ gives the same 
figure exactly for all pressures of air and a/pproxirmtely for all 


* 

pressures of steam. The factor -,then remains unaltered for any 

one particular gas or vapour. For in the case of air, which is generally 
used far from its point of liquefaction, the weight of 1 cub. m. is pro¬ 
portional to the pressure: 1 cub. in. at a double pressure has double 
the weight.. But with saturated steahi the alteration is only approxi¬ 
mate : saturated steam of double the pressure has only cdmost double 
the weight. This approximation is not a very- close one, but may 
be regarded as sufficient for the present purpose, as the following 
figures show:— 

Steam pressure - 92 186 750 1490 2350 mm. 

In the proportion - 1:2: 8T5 ; 16'2 : 25-54 

Weight of 1 cub. ra. , ’ 

of steam '- 0-0822 0-162- 0-600 1-13 1-735 kilos. 

In the proportion - 1 : 2 : 7-3 : 13 74 : 21-1 

Thus it it is once fixed how much per cent, of the available 
pressure is to be expended in producing the velocity of the steam, there 
is found (tor equal lengths and with the above-mentioned inaccuracy) 
for a pipe of each diameter a steam Velocity peculiar to it and ))rao- 
tically the same for all pressures. 

After we have, obtained from Table 30 a view of the loss of 
pressure, which is to be expected with pipes of various diameters, and 
at different pressures and velocities, we then assume for Table 31 a 
permissible loss of 0 5 per cent, of the available pressure. The length 
of the pipe is taken at 20 m., and then, by means of equation (146), 
the resulting velocities are calculated. In Table 32 are next arranged 
the weights of steam at different pressures, which pass with these 
velocities through pipes of 20 - 900 mm. diameter in one hour. 

Example.—Steeia at atmospheric pressure (weight of 1 cub. m., 7i=0-ti0ti kilo.)- 
passes through a pipe of O-I m. diameter and 20 m. long. Dbe loss in pressure is 
0‘5 

0-6 per cent., it - = 0-0515. The velocity is then 


®4 = 


./lOOOxO-1 ./0-0515 

V 0-0018 X 20'V 0-606 


\/283 = 16-8 m. per second. 


The weight of steam, which passes through the pipe in one hour, is 
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Table 31. 

Approximate velocity of steam in pipes of 0'026-0'9 m. diameter and 
20 m. Icag, at absolute pressures of 4560-54-91 mm., for a 0 5 per 
cent, loss of pressure. * 
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Table 32. 

The weight of steam, D, in kilos., which passes in one hour through 

abs. to 705'09 mm. vacuum, with 


Abs. pressure, atmos. 

„ ram. mercury 
Vacuum, „ 

6 

4560 



s 

2280 

2 

1620 

1-6 

1140 

i 1 

760 

Bore of 

Velocity of 
the steam 








the steam 
pipe, d. 

mm. 

in the pipe, 
qi. per sec. 

7, , 


Weight of steam, D, in kilos., which passes 

25 

8.5 

5Q 

42 

34 


18 



30 

90 

75 

63 

51 

39 

27 

_ 

_ 

35 

9’5 

107 

90 

73 

55 

38 

_ 

_ 

40 

10’5 

155 

130 

106 

81 

55 

42 

_ 

45 

11-0 

205 

173 

140 

107 

.73 

. 56 

38 

50 

11-^ 

265 

223 

.181 

138 

95 

72 

49 

60 

13 

431 

363 

294 

224 

153 

117 

80 

70 

14 

633 

583 

432 

330 

225 

172 

117 

80 

14-5 

855 

720 

684 

446 

305 

232 

1.59 

90 

15 ' 

1120 

943 

765 

583 

398 

304 

208 

100 

15-5 

1430 

1200 

977 

746 

509 

388 

275 

125 

17 

2590 

2170 

1760 

1340 

929 

700 

478 

„ 150 

18'5 

3810 

3320 

2610 

1990 

1360 

1040 

709 

1T5 

20 

5670 

4750 

3850 

2940 

2020 

1530 

1050 

200 

21-5 

_ 

6600 

5350 

4080 

2830 

2150 

1470 

225 

23 

— 

— 

wisa 

5630 

3810 

2910 

1990 

250 

24 

— 

— 

— 

— 

4920 

3760 

2560 

300 

26-5 

— 

— 

— 

_ 

— 

6000 

4090 

350 

28-5 

— 

— 

— 

— 

— 

8750 

5980 

400 

30-5 

— 

— 

— 

— 

— 

-- 

8350 

450 

32-5 

— 

— 

— 

— 

— 

— 

_ 

500 

34 . 

— 




— 

— 

— 

550 

35-5 

_ 


_ 


_ 

_ 

_ 

600 

37-5 

“•“1, 

— 

— 


— 

_ 

— 

650 

38-5 

— 

— 

— 


— 

_ 

_ 

700 

40-6 

— 

— 

— 

— 

_ 

_ 

_ 

750 

41-5 

_ 

— 

— 

— 

— 

— 


800 

43 

— 

— 

— 

— 

- 

_ 

_ 

850 

44-5 

— 

— 

— 

— 


_ 

_ 

900 

46 . 

— 

— 

— 

• 


— 

— 
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Table 32. 

pipes of 25-900 mnl. diameter and 20 m. long, at pressures of 6 atmos. 
0'5 per cent, 'oss of pressure. 


0'S34 

1 0746 

070 

0*6 

0-376 

0-267 

0-195 

0-165 

0-12 

0-072 

664 

567 

625 

384 

288 

195 

149 

117 

92-0 

54-9 

126 

1 194 

2.94 

376 

4Tr 

564 

611 

642 

668 

705 

■through the pipe in one hoii-, ,i 

ilh Of per cent, loss of pressure. 



133 

1 I 1 1 1 1 III 

— 


— 

III 1 1 1 1 1 1 



1 1 M 1 1 Ml 

1 M M 1 III 

175 

1.56 

147 

109 

84 

— 

— 

_ 

_ 

_ 

224 

200 

188 

140 

107 

72 

57 

46 

37 

22-5 

403 

363 

337 

252 

189 

133 

103 

83 

66 

40 

598 

537 

501 

374 

285 

197 

154 

123 

98 

60 

888 

797 

739 

554 

422 

293 

226 

183 

144 

89 

1240 

1120 

1040* 

777 

594 

411 

318 

255 

202 

124 

1680 

1510 

1410 

H)50 

802 

566 

431 

345 

274 

161 

2160 

1946 

1810 

1350 

. 1030 

716 

554 

643 

353 

216 

3400 

3100 

2890 

2150 

1650 

1140 

886 

709 

563 

345 

6030 

4540 

4230 

3150 

2410 

1670 

1290 

1040 

823 

505 

7050 

6340 

5910 

4410 

3370 

2330 

1690 

1450 

1070 

706 

9510 

8550 

7960 

5930 

4640 

3140 

2440 

1950 

1550 

950 

12300 

11000 

10300 

7680 

5870 

4060 

3150 

2530 

2000 

1220 

— 

13900 

13000 

9680 

7400 

5140 

3980 

3190 

2530 

1550 

— 


— 

12200 

9320 

6450 

6000 

4010 

3180 

1930 

— 

— 

— 

— 

11100 

7770 

6030 

4830 

4000 

2360 

— 

— 

— 

— 

13100 

9490 

7350 

5940 

4680 

2870 

— 

— 

— 

— 

— 

11100 

9700 

7400 

6870 

3600 

— 

— 

— 

— 

— 

— 

10800 

8180 

6480 

3980 

_ 

— 

— 

— 

— 

— 

11900 

9550 

7570 

4650 







13800 

11100 

8780 

5890 
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Table 33. 

The velocities of mixtures of alcohol and water ffapours, in pipes of 

loss of 


Aloohol-water vapour. 

Weight of 

1 cub. ni. 
of air^at 
tho tem¬ 
perature 
, td- 

Kilos., 

Weight of 

1 cub. m. 

Diameter, 

Alcohol, 
per cent. 

by 

weight. 

Tempera- 

turo. 

Density. 

7-* 

water va¬ 
pour at tho 
tempera¬ 
ture td. 

Kilos. 

10 


60 

Velocities* 

0 

100 

0-623 


PM 

11-76 

13-11 

14-35 

5 

99-5 



■llmifl 

11-50 

12-82 

14-08 

10 

99 

0 664, 

■Sil 


11-34 

12-04 

13-89 

15 

98-6 

■mg 

1-045 

0-715 

11-18 

12-46 

13-69 

20 

98-3 

m 

1-046 

0-742 

10-94 

12-19 

13-30 

25 

98 

0-735 

1-047 

0-768 

10-82 

.12-06 

13-25 


97-2. 


1-049. 


10-58 

11-79 

12-90 

35 

96-3 

0-792 

1-052 

0-833 

10-34 

11-50 

12-06 


95 


1-056 

WKjdn 

10-12 

11-26 

12.36 

45 

93-8 


1-059 


9-92 

11-06 

12-12 


92-4 ■ 

0-896 

1-060 

0-950 

9-68 

10-77 

11 -84 

55 

90-9 

0-937 

1-067 

0-999 

9-42 

10 50 

11-53 


89-5 

0-981 

1-071' 

1-050 

9-22 

10-28 

11 29 

. 65 

87-8 

1-031 

1-076 

1-109 

8-98 

10 00 

11-00 

TO 

80-3 

1-088 

1-081 

1-176 

8-72 

9-72 

10-68 

75 

84-5 

1-148 

1-086 

1-247 

8-48 

9-45 

10-83 


82 7 

1-214 

J-092 

1-326 

8-20 

9-14'10-00 

85 

80-5 

1-292 

1-098 

1-418 

7-92 

8-831 9-70 


79 

1-378 

1-103 

1-520 

7-66 

8-54 i 9-38 

95 

78'7 

1-479 

1-104 

1-632 

7-42 

8-27 

9 OB 


78-4 

1-593 

1-105 

1-750 

7-14 

7-961 8-74 


Pipes for steam of very low pressure (vacuum) are rarely longer 
than 20 m. Steam pipes for higher tensions are generally of much 
greater length. If the pipe is not 20 m. long, hut has another length, 
the weight of steam, which passes through in one hour, is then 
found by multiplying the weight given in Table 82 by the factor 
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Tabm 33. 

40-250 min. boro and 3 in. long, at a pressure of I'l atmos. abs. and 
01 per cent, piossura 


d, of the pipe in mm. 

70 

80 

90 

100 

125 

150 

175 

200 

225 1 250 

1 

Vd, of tlic alcohol-water vapour in m. per second. 

• 



15’2i) 

l(i-36 

17-00 

18-58 

20-58 

22-93 

24-091 20-38 i 27-90 ‘ 29-4 

14 05 

10-10 

17-20 

18’17 

20-13 

22-42 

24-15 

25-85 

27-31 1 28-74 

14-74 15 87 

17-01 

17-91 

19-84 

22-11 

23-81 

25-34 

20-93 j 28-35 

l40;i 

15-65 

16-77 

17-(i0 

19,50 

21-80 

23-47 

24-90 

20-56 27-95 

14-22 

15 31 

10-41 

17-281 19-15 

21-34 

22-97 

24-45 

25-98,27-30 

14-0() 

15-14 

10-23 

17-09 

18-95 

21-10 

22-72 

24-19 

25-09 i 27-05 

i:i-75 

14-81 

15-87 

10-71 

18-51 

20-03 

22-21 

23-04. 

2513 : 20-45 

13-44 

14-47 

15-51 

10-31 

18-10 

20-10 

21-72 

23-10 

24-.50 1 25-85 

13-1 

14-17 

15-18 

15-99 

17-71 

19-74 

21-25 

22-01 

24-J3'25-30 

12-89 

13-89 

14 88 

15-07 

17-30 

19-34 

20-80 

22-17 

23-501 24-80 

12-57 

13-64 

14 52 

15-20 

10-90 

18-84 

20-28 

21-59 

22-94 24-15 

12-21 

13-18 

14-12 

14-88 

10-48 

18-37 

19-78 

21-05 

22-37 23-75 

11-98112-81115 8.3 

11 50 

10-13 

17-98 

19-30 

20-00 

2J -89 23-05 

1107112-57 

13-47 

14-17 

15-71 

17-51 

18-85 

20-07 

21-33 23t45 

11-33 

12-21 

13-08 

13-77 

15-20 

17 

18-31 

19-49 

• 

20-71 21-,‘i() 

11-00 ill-87 

12-72 

13-39 

14-8i 

10-53 

17-80 

18-75 

20-14' 21-20 

10-00 ill-48 

12-3 

12-95 

14-36 

i6 . 

17-22 

18-32 

19-47 20-50 

10-29 

11-09 

11-88 

12-dt 

13-80 

16-46 

jOOS 

17-70 

18-81. 19-80 

9-96 i 10-72 

11-49 

12-10 

13-40 

14-90 

10-10 

17-12 

18-19 19-10 

9-05 

10-39 

11-13 

11-72 

12-88 

14-47 

15-58 

10-58 

17-62! 18-75 

9-28 

10-00 

10-71 

11-28 

12-54 

13-92 

16 

16-96 

16-96 17-85 


If some other loss of pressure, (luit 0‘5 per cent.), is assumed in 
the pipe, then, in order to correct Table 32, the weight of steam there 

given must be multiplied by in which expression 2 , is to be 

inserted as a percentage. 

Emtnple.—li there be 1 per cent, loss of pressure, «“=!•, if 5 percent., »„=6. 
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In order to obtain the weights of steam for the length, 4, and the 
loss of pressure, the weights in Table 32 must be multiplied by 



Since, in practice, the weight and the original pressure of the steam 
to be passed through a pipe 'in one hour are generally known, the 
necessary diameter of the pipe can be found in Table 32, 34 or 35 
(for lengths of 20 m. and a’loss of pressure of 0'5 per cent.). Por 
other lengths and other losses of pressure equation (148) must be used. 

B, For Mixtures of Alcohol and Water Vapours. 

Table 34 gives the weights of mixtures of the vapours ot alcohol 
and water, which can be conducted in one hour through pipes of 
different diameters without considerable loss of pressure. In calculat¬ 
ing this table it was assumed that the same formuke hdSd good for this 
mixture of vapaurs as for pure water vapour. But since such vapours 
are taken as a rule only through short connecting pipes between the 
different parts of rectifying and distilling apparatus, and since the 
pressure in suclj apparatus is always kept as low as pssible, a pipe 
3 m. long and a loss of pressure of 10 mm. of water (s = O'Ol) were 
taken as the basis of the table. 

In the apparatus mentioned the pressure is generally about T1 
atmos. absolute, thus the value for p to be introduced into the 
calculation is 10,536 + 1033 = 11,369. 

The alcohol-water vapours may have any desired composition, the 
mixtures vary from l-99’8 pe9r cent, of alooiiol by weight. Each of 
these mixtures has a different specific gravity and boiling point, there¬ 
fore it was necessary to determine for each the weight of 1 cub. m. at 
its temperature and at atmospheric pressure. 

The temperatures of the various mixtures of vapour of alcohol and 
water at atmospheric pressure are known; their densities were taken 
from a paper published by the author. Thus the weight of 1 cub. m. 
of air at a pressure of VI atmos. and at the temperature of each of 
the mixtures of vapour (calculated at intervals of 5 per cent.), multi¬ 
plied by the density of the corresponding mixture of alcohol and 
water vapours, gives the true weight of 1 cub. m. of alcohol-water 
vapour at a pressure of IT atmos. absolute. 
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By means of equation (144) 

^ Imo^ 
Vo 


/OOOlSfy,. 

by inserting the values: f = 3, Sj = 0-01, yj = 0 648 to 1-75, d = 0 04 
to 0'26, the corresponding velocities of these vapours in pipes of 
40-250 mm. bore were found. The results of these calculations are 
arranged in Table 33. 

From the velocities and the densities of the particular mixture of 
alcohol and water vapours (Table 33) were then readily obtained the 
weights which pass, at a pressure df I'l atmos. abs. and,with a ioss 
in pressure of - 0 01 m, of water, through pipes 3 m. long of 
various bores. The results are given in Table 34. 


C. For Air. 


Tlie loss of pressure of rarefied air in moderately long tubes has 
not, to the author’s knowledge, been investigated. On the other 
hand, there haVe been the following researches on the loss of pressure 
of compressed air in long pipes ;— ^ 

1. Chief Engineer H. Stookalper at the St. Gotthardt tunnel 
(1880), with pipes of 200 mm. bore and 4500 m. length, and 150 mm. 
bore and 642 m. lei!"th. Air pressure, 3'6-6'4 a'mo3.,abs. Velocity. 
4-7-ll'8 m. 

2. Prof. A. Devillez and Engineers Cornet and Mahiva at the 

Colliery Levant du FlAnu (1881), with pipes of 125 mm. bore and 
981 m. long, and 73 mm. bore and 172 m. long. Air pressure, 3'3- 
5'3 atmos. abs. Velocity, 2-12’2 m. ’ 

3. Profs. Gutermuth and Eiedler at the compressed air installation 
in Paris (1890), with pijfes of 300 mm’, diameter and 16,502, 8759, 
4403 and 3340 m. long. Air pressure, 6'2-8 atmos. abs. Velocity, 
2’7-8-6 m. 

4. Prof. H. Lorenz at the compressed air installation at Offenbaeh- 
on-Maine, on 17th January, 1892, with pipes of 100 mm. bore and 
299 m. long. Air pressure, 6'7 atmos. abs. Velocity, 7-8-9'3 m. 

Eiedler and Gutermuth gave for the loss of pressure (z, in kilos, 
per sq. cm.), as the result of their experiments. 


533 I , 
10 “ 



.10“. d 
5331y 


or 


. (150) 
. (151) 
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Table 34. 


The weight of mixtures of alcohol and water vapours, in kilos., which 
at 1-1 a,tiiios. iih.solute'pressnro with O'l per 




Diameter, d, of the pipe in mm. 


Alcohol 



• 




va])our, 
per cent. 

1)V 

40 

60 

fiO 

70 

80 

OO 

WPlollt. 









Weight iu kilos, of the mixture of alcohol aud 

0 

34 

57-7 

93 

134 

191 

258 

5 

35 

,58-3 

94 

137 

194 

261 

10 

35-3 

59 6 

90 

139 

197 

■ 267 

15 

36 

60-5 

97 

141 

201 

272 

20 

36-5 

01-4 

101 

145 

204 

276 

mM 

37-3 

62-9 

102 

148 

21)9 

282 


38 

63-9 

103 

151 

213 

288 


39 

05-2 

105 

153 

217 

293 

40 

40 

66-6 

108 

1,56 

222 

300 

45 

40-5 

68 

110 

161 

227 

307 

50 

41-4 

69-5 

113 

163 

231 

311 

55 

42-4 

71 4 

115 

167 

237 

320 

60 

43-6 

73-4 

119 

173 

242 

330 

, (-io 

44-8 

76-4 

122 

177 

250 

339 

70 

45;5 

77-5 

126 

181 

257 

3,57 

75 

47-6 

80 

130 

188 

266 

359 

80 

48-7 

82-7 • 

133 

192 

273 

368 

85 

50-5 

86-1 

.. 138 

198 

282 

378 

90 

52-4 

88-8 

143 

207 

292 

396 

95 

54-5 

92-2 

148 

215 

304 

410 

100 

56-52 

94’8 

154 

223 

317 

425 


For a loss of pressure of 0-5 per cent, in pipes 20 m. long, the 
permissible air velocities would be, according to this equation, in 
pipes of the 


Bore 50 60 70 80 90 100 125 mm. 

V, 13-8 14-8 16 17-26 1817 19-38 221 m. per sec. 
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Table 34. 

passes in one ''Our through pipes of 40-250 mm. bore and 3 m. long, 
•cent, loss in pressure (10 mm. of \ftiter). 


Diameter, J, ■'f Hie pipe in mm. 

100 

125 

loO 


■200 

225 

250 

•water vapours which ; 

lasses through the pipe in one hour. 


336 

587 

940 

1385 

2045 

2674 

3394 

840’ 

594 

9-50 

1393 

2077 

2080 

3402 

347 

606 

970 

1429 

2109 

2688 

3470 

3,10 

617 

986 

1449 

2134 

2714 

3528 

359 

627 

•' 

1000 

1472 

2145 

2750 

3585 

367 

643 

1025 

1510 

2178 

.2877 

3070 

374 

653 

1043 

1535 

2184 

2869 

3733 

378 

666 

1061 

1564 

2198 

2922 

3802 

389 

681 

1081 

1600 

2223 

2993 

3889 

399 

(i93 

Jill 

1636 

2276 

3060 

3985 

405 

707 

1186 

1668 

2317 

3117 

4052 

417 

727 

1218 

1714 

2378 

3199 

4195 

428 

746 

1251 

1757 

2444 

3286 

4275 

440 

767 

1287 

1809 

2509 

ai-iHi 

4397 

453 

789 

J32G 

1800 

2076 

3481 

4505 

467 

816 

136.5 

1913 

> 264a 

3583 

4629 

48(1 

836 

1400 

1963,^ 

2721 

3691 

4770 

498 

868 

1445 

2030 

2890 

3813 

4965 

514 

890 

1509 

2208 

2940 

3952 

5141 

624 

924 

1568 

2230 

3050 

4111 

5400 

054 

970 

1697 

2286 

3173 

*4228 

5550 


Bore 150 175 200 225 250 300 mm. 

•i>, 24-1 26-19 27-25 28-61 30-29 33 31 m. per sec. 

Professor H. Lorenz, who published a re-calculation of the older 
researches and of his own in the Zeits. d. V. d. I., 1892, pp. 621 and 
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Table 35. 

The weight of air, L (at 15° C.), which passes in one hour through 
pipes of 40’350 mm. diameter rnd 20 pi. long’at vacua of 0-740 
mm. and 0-5 per cent, loss of pressure. 




Absolute pressure of the air in mm. 



1520 

760 

19C 

160 

120 

110 

55 

35 

20 


Velocity 





















meter 











of the 

the 




Vacuum in mm. 




pipe. 










___ 

d. 

pipe, 











Vi. 

- 

0 

570 

CIO 

040 

650 

705 

725 

740 



Weight of air, 7,, iu kilos., wliieh passes through the 






pipe 111 one hour. 




mm. 

m. 







, 



40 

8-3 

“ 90 

45 

11*4 

9'2 

7-4 

0-7 

3*3 

2*1 

1-2 

50 

9-2 

154 

77 

20 

15-7 

12-D 

10 6 

6-7 

ci'V 

2-9 

GO 

Hid 

272 

136 

35 

27-5 

22 

20 

10 

C-4 

3-7 

70 

■s 

390 

190 

48 

37-6 

30 

28 

14 

0 

50 

80 

H 

566 

278 

70 

56‘2 

45 

42 

20 

13 

7-4 

90 

13*8 

766 

383 

98 

704 

61 

56 

28 

18 

10-3 

100 

14’5 

988 

494 

120 

100 

79 

73 

SC 

23 

13 

125 

16*8 

178G 

898 

228 

180 

143 

132 

CG 

42 

24 

150 

19 

2910 

1455 

380 

293 

233 

213 

106 

68 

40 

175 

21 

4.380 

2190 

570 

440 

851 

822 

160 

102 

60 

200 

23 

6266 

3133 

798 

625 

500 

402 

230 

147 

84 

260 

2G-6 

10788 

5394 

1368 

1080 

864 

802 

400 

252 

144 

800 

.80 

18394 

9197 

2337 

1840 

1470 

1350 

674 

430 

246 

S60 


27674 

13772 

8515 

2750 

2200 

2090 

1040 

641 

370 


835, was led to the foUowing empirical formula, which gives results 
in excellent agreement with oU the experiments quoted. 


.( 152 ) 


whence 


I 


z;r 


273.1 


If z, be expressed as a percentage, ®, of then z, = 


. (153). 


100 


p„ and 


I 100 

’'•"Vp,^.270 




( 154 ) 
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In this equation, if p, denotes the absolute pressure at the beginning, 

p. + P 

p, at the end, then p„ « ^ ^ mean absolute pressure; 

o ^ ^ 

= Pa - P, “the loss of pressure in kilos, per sq. m. T is the mean 
absolute temperature of the air; I the length of the pipe in m.; v, the 
velocity of the air; d the diameter of the pipe in min.; ^ is a factor 
dependent on the diameter of the pipe. 

The values ol /i, accoiding to Lorenz, calculated for pipes oi 
various diameters, are;— 

= ........ (155) 


Diameter, d = 50 • 75 100 125 150 

. /S = 0003103 0-001824 0001-257 0-000934 0000736 
Diameter, d = 176 200 250 300 350 

;8 - 0-000601 0-0006004 0-000377 0-000297 0 000243 


Equation -(154) gives, for the same loss of pressure, a somewhat 
lower velocity of the air as perniissible than equation (151). In the 
want of decisive experiments we shall assume that equation (154) 
also holds good for air-pipes in which there is a considerably lower 
pressure than the iitmospheric. 

The results of tne present chapter may be briefly, though some¬ 
what inaccui-B'aly, expressed, for the most ordinary cases, as 
follows:— 


The tubes lor the evaporation of 100 kilos, of wjter per hpur may 


be given the following sections 
For the supply of heating steam at 3 00 atmos. abs. 

., • ,. l-*25 

For exhaust steam at 1-00 atmos. abs. 


125 mm. vacuum 
250 


2-5-3 sq. cm. 

7- 12 „ 
6-12 „ 

8- 16 „ 
10-20 „ 
60-100 „ 


For exhausted air at 700 


1-4 


* The valuce of g given by this formula agree with those given by Prof. 
Lorenz in the article referred to at the bottom of p. 175, but will not give the ' 
velocities tabulased in Table 35. The tabulated values appear to be correct so' 
that g in equation (154) should be taken as'^y^ of the values given above [Reviser). 
12 





CHAPTEB XVIII. 

THE DIAMETER OP WATER PIPES. 

rHB quantity of water, which can flow in a definite time through a 
lystem of pipes, depends upon the pressure which produces the 
movement and on the hindrances (bends, branches, constrictions, 
roughnesses of wall) which obstruct the flow in the pipe. 

It may be assumed that (apart from pumps, pressure and suction 
pipes, which are not considered here) the pressure, which causes the 
motion of the water, is provided either alone by a water-vessel placed 
at a high level, in which case the pressure may be that of a column 
of water 0’6-15 m. high, or alone by a vacuum condenser, in which 
case the pressure is equal to the vacuum measured in metres of 
watm- minus the height from the point at which the water enters the 
condenser to the water level. Since the vacuum in the condenser 
is always lower than the theoretical, the pressure just mentioned 
(even assuming that the water level is at tbe height at which the 
water enters the condenser) is at most 10 m. in practice. 

Finally, the pressure causing the flow of water may be due to a 
water vessel at a high level and to the vacuum in the condenser. In 
this case the maximum pressure of 10 -i- 15 = 25 m. is rarely 
exceeded. 

We shall now determine the quantities of water which can flow in 
one hour through pipes of various diameters with heads of 0'5-25 
m. of water. It is necessary to calculate in each case the actual 
velocity, with which tbe water moves. 

Let u„=the velocity of the water in m. per second, 
ft,=the total available pressure in m. of water. 
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Then the velocity theoretically produced at tlie end of the pipe is 

= JUgh,, .(156) 



This theoretical velocity is never attained, since in every system of 
pipes there are several conditions (resistances) which retard the flow 
of the water. We may assume that of the total available head or 
pressure of water, h„, portions, h^, h.^ etc., must be used to over¬ 
come each of these resistances. These heads are therefore known as 
“ heads of resistance Each of these pressures, kj, h.^, h^, would (if 
there were no resistance to overcome) impart to the water a corres¬ 
ponding velocity, Dj, so that, if be the velocity actually 

attained and h the head of water theoretically necessary to produce 
this velocity, the total available pressure, /i„ = h + /i, + + 

. . . , would produce the velocity, ti, 4- Uj -(- -I-. . . , 

ie., 


Jtf„ ~ h 4 4 fl'-i 



2i/ 2 y 



. (158) 


Now hj, h.,, hj may be written as fractions of the height, h, then 
= /t 4 CJi 4 4 .(Ifl9) 


in which h is the head theoretically necessary to produce the actually 
attained velocity, 

tv 4> is ™ known as the coefficients of resistance. 


Since h = therefore 
2 ?’ 


n) “ V 7 ) ^ V ^ 

A. = + «!+&+« .. 

Hence the real velocity of water in pipes is 


. . (160) 
. . (161) 




( 162 ) 


The coefficients of resistance are estimated as parts of the height, 
h-.— 
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= 0'505 is the ooeffioient of resistance for the entry of water 
from the tank into the pipe. It ranges from 0’08-0'505. If the 
mouth of the pipe be rounded ai;d made conica'., is small, but for 
safety it will be taken as 0 505. 

4 = 0'805 is the ooeffioient for bends. For right-angled elbows, 
the radius of the bend of which,' r = 3d {d - diameter of the pipe), 
4 may be put 0-161. In the following Table 36, five bends are 
assumed for each pipe, thus 4 = 5 O'lbl = 0'805. 

4 = 0-6 denotes the resistance of a tap or valve. If these are 
almost completely open,- 4 may beljut 0 6, but as soon as the taps or 
valves are more or less closed the coe&icient of resistance increases 
enormously. 

4=1 is the resistance which arises through the entry of water, 
into a vessel. If the section of the ))ipe be Q, and that of the vessel 


Q 

Q., then the velocity, v, in the pipe becomes Vj=r in the vessel. 

Vi 

resistance head .is therefore 


The 


QV 

■ va- 


, QVt. 

~V-Qj2g 


(163) 


^2 

But h = ^ and \ therefore 


(‘-I)’-:..('«> 



little from unity. Thus we shall assume that 4 ° 1. 


4 « Aj- =. the coefficient lor the friction in the pipe. A is found 
by Darcy's formula; 


A<» 


001989 + 


0-0005078 

d 


(165) 


This coefficient must be separately found for every diameter and 
every length of pipe. In the following small table are given the 
values of A for diameters from 0-020 to 0-450 m. 
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According to e(^uation (165);— 

rori= 20 25 30 35 40 45 mm. 

A=0-04529 0-04019 0-0^682 0-03439 0-03259 0 03120 
For d= 50 66 70 80 90 100 mm. 

A=0-03004 0-02838 0-02718 0-02624 0-02553 0-02497 
Ford= 125 150 175 200 225 250 mm. 

A = 0-02394 0-02327 0-02279 0-02231 0-02214 0-02192 
For d= 300 350 400 450 mm. 

A=0-02155 0-02135 0-02116 0-02101 


On the assumptions mads above, the equation for calculating the 
Telocity of water in cylindrical pipes is • 








j2gK 


^1 + 0-505 + 5 X 0-161 +0-6 + 1 + A^ ^3^91 + X 


(166) 


(167) 


This equation has been employed in calculating Table 36, from it 
was found the velocity, of water in pipes of 30-225 mm. diameter, 
for heads of = 0-6-25 m., and lengths of pipe of I = 10100 m. 
The quantities of water, W, flowing through the pipe in one hour 
were then calculated from the velocities. • 

Since the figures of Table 36 always give the greatest qmmtity of 
water flowing throu^ the pipe under the conditions assumed, it is 
necessary for practical use to add to the diameter of the pipe or 
to subtract from the quantity of water thus determined, especially in 
view of the possible occurrence in the pipe of a larger number of 
bends, branches, alterations of section and valves, and increased 
roughness of the inner surface. 
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Table 36. 


The quantity of water, W, in cub. m., which flows in 1 hour through 

eunder beads dt water of 0'6-25 m. 


■ 




Bore of pipe in mm 

1 




Length 








of pipe. 

30 

35 

40 

45 

50 

60 

■al 

1 









Quantity of ^atcr, W, in cub. m. per hour. 

m. 

•m.* 







AO 

o 

10 

• 20 

2-9 

41 

6-5 

6-9 

10-9 


20 

1-5 

2-2 

31 

4-2 

5-5 

8-7 


40 

1'4 

> 1-7 

2-3 

3'2 

4-2 

, 6-5 


60 

0-9 

1'3 

1’8 

2'6 

8-5 

5-6 


HO 

0-8 

1-2 

1-6 

2-3 

2-9 

4-9 


100 

0-7 

1-1 

1-5 

21 

2-7 

4'4 

ro 

10 . 

2-8 

41 

' 5-8 

7-8 

9-8 

1.1-3 


20 

2-2 

31 

4-4 

60 

7-8 

12-3 


40 

1-6 

2’4 

3-3 

4-5 

5-8 

9-2 


60 

1-3 

1-9 

2-6 

3-7 

4-9 

7-9 


80 

1-2 

1-7 

2-4 

31 

4-1 

71 


100 

0-9 

1-6 

2-2 

30 

3-9 

6-2 

2-0 

10 

4'3 

5'8 

8-1 

II-O 

13-8 

21-8 


20 

3-1 

4-4 

6-3 

8-5 

111 

17-4 


40 

.2-3 

3-3 

4-7 

6-3 

8-3 

13-1 


60 

V8 

2-7 

3-7 

5-3 

7-0 

Jl-3 


80 

1'6 

2-3 

3'4 

46 

5-9 

100 


100 

1-5 

2-2. 

3-1 

.4'2 

5-5 

8-9 

3-0 

10 

5-0 

71 

9-8 

13'5 

160 

20-6 


20 

3-8 

5-5 

7-7 

10-4 

12-8 

21-3 


40 

2-8 

4-1 

5-7 

7-8 

9-6 

16-0 


60 

2-2 

3-3 

4-6 

6-5 

8-0 

13-8 


80 

1'9 

2-9 

4-1 

5-6 

6-9 

12-3 


100 

1-6 

2-7 

3-8 

5-2 

6-4 

10-8 

4’0 

10 

5-7 • 

8'2 

11-2 

10-6 

19-5 

30-8 


20 

4-3 

6'3 

8-7 

12'0 

15-6 

24-6 


40 

3-2 

4-7 

6-5 

90 

11-7 

18-4 


60 

2-6 

3'8 

5-2 

8-0 

9-8 

16-0 


80 

2-2 

3-4 

4-7 

6’6 

8-9 

14-3 


100 

2-1 

31 

4-3 

60 

7-8 

12-3 
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Table 36. 

pipes of 30-225 mm. diameter and 10, 20, 40, 60, 80,100 m. long. 
(5 elbows and 1 valve assjimed). a 


Bore of pipe in mm. 


70 

80 

90 

i 100 

1 125 

1 

150 

175 

200 

225 



Quantity VT, in cub. m. per hour. 



15-7 

! 21-0 

27-9 

35-7 

57-9 

84-8 

117*1 

156-7 

. 203-1 

12-6 

I 17-5 

23-2 

29-6 

49-7 

75-0 

100-4 

1 142-4 

184-6 

9-7 

1 13-6 

18-6 

21-7 

39-7 

60;0 

85-7 

I 113-9 

147-7 

8-3 

j IIT) 

15-3 

20-7 

34-8 

55-1 

81-9 

1 109-6 

142-1 

7-3 

! lo-o 

13-9 

186 

31-3 

49-5 

74-5 

99-7 

129-2 

6-5 

9f) 

12-8 

10-3 

29-8 

45-0 

70-2 

95-1 

121-7 


31-0* 

39-5 

49-1 

31-4 

120-0 

165-7r 

220-6 

288-1 

17-8 

20-8 

32-9 

41-8 

70-2 

106-2 

150-6 

202-3 

261-9 

13-7 

19-9 

26-3 

38-3 

56T 

81-9 

120-5 

161-9 

209-5 

10-7 

16-0 

21-7 

29-2 

49T 

78-0 

115-9 

155-8 

201-6 

9-1 

irr.-) 

19 7 

20-3 

44-2 

70-1 

.05-4 

141-6 

483-3 

9-4 

14-2 

ib 1 

23-0 

42-1 

64-3 

99-8' 

133-5 

172-8 

316 

42-] 

49-7 

69-4 

115-7 

170-4 

234-2 

315-9 

406-6 

25-3 

351 

41 4 

59-3 

99-8 

150-7 

212-9 

287-2 

369-7 

19-4 

271 

331 

47-4 

79-8 

120-5 

170-3 

229-7 

295-7 

16-7 

23-2 

27-3. 

41-5 

69-8 

110-8 

162-8 

221-I* 

284-6 

14-6 

210 

24-8 

37-3 

62-8 

99-4 

149-0 

201-0 

258-7 

12-9 

19-3 

22-8 

, 32-6 

59-8 

90-4 

140-5 

189-6 

244-0 

39-2 

62-1 

08-4 

85-9 

141-4 

209-1 

287-6 

386-8 

504-8 

31-4 

430 

57-0 

72-9 

121-9 

185-1 

261-4 

351-6 

458-0 

24-2 

332 

45-6 

58'3 

97-5 

148-0 

209-1 

281-3 

364-4 

20-7 

28-4 

37-6 

510 

86-0 

186-0 

201-3 

270-7 

352-6 

18'2 

25-8 

34-2 

45-9 

76-8 

122-1 

188-0 

248-1 

319-6 

16'5 

23-6 

31-6 

400 

73-1 

111-0 

172-6 

232-0 

302-2 

44-6 

45-0 

78-8 

98-1 

163-9 

243-5* 

333-3 

447-7 

580-9 

35-7 

37-5 

65-7 

83-9 

141-3 

215-6 

308-0 

407-0 

528-1 

27-5 

28-9 

52-5 

67-1 

113-0 

172-5 

242-4 

325-6 

422-5 

23-5 

24-7 

43-3 

58-7 

98-9 

158-4 

233-3 

313-4 

406-6 

21-4 

22-5 

39-4 

52-8 

89-0 

141-2 

212-1 

284-9 

369-6 

19-6 

20-5 

36T 

461 

84-8 

129-3 

199-8 

256-2 

332-6 
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Table 36 — (continued). 


Head of 
water, 

m. 

Length 
of pipe, 
1 

m. 

Boro of pipe in mm. 

t . ' 

30 

85 

40 

• 45 

60 

60 

Quantity of water, TT, in cub. m 

. per hour. 

m 

10 

6-3 

8-6 

12'9 

17'5 

22-8 

340 


K1 

4-9 

6-6 

9-9 

13-4 

17-5 

261 


K| 

3-6 

4'9 

7-4 

101 

131 

19-6 


60 

• 2-9 

3-9 

5-9 

8-5 

no 

16-7 


80 

2-5 

3-6 

5’4 

7'4 

90 

14-9 



2-3 

^ b-2 

4-9 

6'7 

8-7 

131 

60 


7-9 

100 

14-2 

191 

25-0 

36-0 


20 

53 

7-7 

10-9 

14-7 

19.-2 

27-7 



40 

5’8 

. 81 

11-0 

14'4 

20-7 



3-2 

4-6 

6-5 

9-2 

121 

18-0 


80 

2-7 

4-2 

6-0 

81 

10-9 

15-7 


100 

2’5 

3'8 

5'4 

73 

9-6 

13-7 

7-0 

10 

7-7 

10'8 

15-3 

20-6 

27-0 

402 


20 

5-7 

8'3 

11-8 

15-9 

20-8 

30-9 


40 

4-3 

6'2 

8-8 

11-9 

15-6 

23-2 

, 

60 

3-4 

5-2 

71 

10-0 

131 

201 


80 

.30 

4-6 

6-5 

8-7 

11-8 

17'6 


100 

2-7 

41 

5-9 

7-9 

10-4 

15-4 

8-0 

10 

81 

116 

16-3 

221 

28-8 

44-9 


20 

61 

8-9 

. 12-6 

17-0 

22-2 

34-5 


40 

4-6 

6'7 

9-4 

12-7 

16-6 

25-9 


60 

3-7 

6-3 

7-5 

10-7 

140 

21-5 


80 

3'2 

4-9 

6-9 

9-3 

12'6 

19-7 


100 

2-9 

4-4 

6-3 

8-5 

111 

17'2 

90 

■1 

8-5 

12-4 

17-4 

23'7 

32'3 

47-7 



6-5 

9-5 

134 

18-2 

24-8 

36-7 



4'9 

71 

100 

13-6 

18-6 

27-5 


Bl 

3'9 

5-7 

8-0 

11-4 

15-7 

23-8 


Bl 

8-4 

4'9 

7-3 

100 

141 

21-2 


100 

3-6 

4-5 

6-7 

91 

12'4 

18-7 
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Table 36— (continwd). 




• 

Bore of pipe in mm. 




70 

80 

90 

100 

125 

150 

$ 

175 

200 

225 

Quantity of water, W, in cub. m. per hour. 

500 

66-6 

87'9 

iio-i 

1834 

272-4 

371-4 

499-7 

645-5 

400 

55-5 

73-2 

94-1 

158-1 

241-0 

337-6 

454-2 

586-8 

30-8 

42-7 

58-6 

75-2- 

1265 

192-8 

270-1 

3634 

4694 

264 

36-6 

48-3 

65-8 

110-6 

1774 

2597 

338-7 

451-8 

23-2 

33-3 

43-9 

• 59-2 

99-6 

159-1 

236-3 

317-9 

410-7 

21-0 

. 30-5 

40-3 

51-7 

94-8 

144-« 

222-8 

299-8 

387-3 

53-1 

73-5 

985 

120-6 

202-7 

294-7 

408-5 

549-6 

708-4 

424 

61-3. 

81-2 

1034 

172-7 

260-8 

3714 

499-7 

644-0 

82-7 

47-2 

65-0 

825 

1.384 

208-6 

297-1. 

399-7 

515-2 

28-0 

404 

624 

724 

120-8 

1915 

301-3 

384-7 

495-9 

24-6 

38-7 

48-7 

64-9 

108-8 

1724 

2.59-9 

349-7 

450-8 

22-2 

36’7 

47-8 

60-9 

103*6 

1564 

245-1 

329-8 

424-0 

484 

804 

1044 

129-6 

215-9 

316-9 

439-0 

602-0 

763-5 

46-7 

66-7 

37'0 

110-7 

185-5 

280-5 

399-1 

538-2 

694-1 

35-9 

514 

71’ r . 

88-7 

148-4 

224-4 

319-3 

4305 

635-3 

30-8 

44-0 

574 

77-6 

129-8 

206-1 

305-1 

3144 

5345 

274 

400 

53-6 

69-8 

116-8 

185-1 

2794 

376-7. 

485-9 

27-9 

36-7 

47-8- 

60-9 

111-3 

168-3 

250-5 

355-2 

458-1 

650 

84-6 

112-6 

138-8 

232-7 

f 

339-5 

470-4 

628-1 

818-7 

520 

70-5 

93-8 

118-6 

199-2 

302-1 

427-7 

571-0 

744-2 

400 

54-3 

75-1 

95-1 

159-4 

2417 

342-1 

456-8 

595-4 

34-3 

46-5 

61-9 

83-0 

1394 

222-1 

329-3 

439-6 

573-0 

27'7 

42'3 

56-3 

74-7 

125-4 

195-5 

299-3 

.399-7 

520-9 

27-3 

38-8 

52-7 

65-2 

1195 

183-7 

281-6 

376-6 

490-0 

670 

909 

117-9 

145-7 

245-9 

362-2. 

497-1 

670*3 

865-9 

63-6 

75 i 7 

98-3 

124-6 

212-0 

320-5 

451-9 

609-4 

787-2 

41’2 

585 

78-6 

99-7 

169-6 

256-4 

371-5 

487-5 

629-7 

34-7 

505 

64-8 

87-2 

148-4 

235-6 

347-9 

469-2 

606-1 

321 

454 

57-9 

78-5 

133-5 

2115 

316-3 

426-6 

551-0 

294 

41-6 

54-0 

74-7 

127*2 

192-3 

298-2 

402-2 

519-5 
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Table ‘iH—(continued). 


Head of 

Length 

Bore of pipe in mm. • 

f • 







water, 

of pipe, 

30 

35 

40 

45 

50 

60 


1 

















Quantity of water, W, in cub. m. per hour. 

m. 

m. 







10-0 

10 

8-9 

13-0 

18-3 

251 

31-6 

48-5 


,20 

6-9 

10-0 

141 

19-3 

25-3 

38-8 


40 

51 

7'5 

100 

14-5 

19-0 

29-1 


60 

• 41 

60 

8-4 

12-2 

16-0 

25-2 


80 

3-6 

6-5 

7-7 

10-6 

14-4 

22-5 


100 

30 

• .50 

7-0 

9-6 

12-6 

.19-8 

110 

10 

9-4 

13-6 

19-3 

26 0 

32-6 

51-1 


20 

7-2 

10-5 

14-9 

20-0 

2 (vl 

■10-8 


40 . 

5-4 

7-8 

ill 

1.5-0 

24-4 

38-3 


GO 

4-3 

6-3 

8'9 

12-6 

16-5 

26-5 


80 

3-8 

5-8 

81 

11-0 

14-8 

23-7 


11 

3-5 

5'2 

7-4 

10-0 

13-0 

20-8 

12-0 

m 

10-0 

14-3 

19-5 

27-3 

33-6 

53-3 


20 

7-5 

11-0 

15’0 

21-1 

26-8 

42-7 


40 

5-6 

8-3 

11-3 

15-8 

20-1 

32-6 

• 

60 

4-3 

66 

9'0 

13-2 

17-0 

27-7 


80 

. 3-9 

6-0 

81 

11-6 

15-3 

24-7 


100 

3-7 

5-4 

7-4 

10-5 

13-4 

21-7 

13-0 

10 

10-2 

( 

14-8 

20-8 

* 

28-2 

35-3 

55-8 


20 

7'8 

11-4 

160 

21-7 

28-3 

44-6 


40 

6-9 

8'5 

120 

16-3 

21-2 

33-4 


60 

4-7 

6-8 

9-6 

13-6 

17-9 

29-0 


80 

4-2 

6-2 

8-8 

11-9 

160 

25-8 


100 

■3-8 

5-6 

8’0 

10-8 

140 

22-7 

14-0 

10 

10-6 

15'2 

20-7 

29-2 

38-4 

59-4 


20 

8'2 

11-7 

16’7 

22-4 

29-6 

45-7 


40 

61 

8-8 

12-5 

16-8 

221 

34-.3 


60 

4-9 

7-0 

10-0 

13-5 

18-0 

27-9 


80 

4-4 

6-4 

91 

12-3 

16-2 

26-0 


100 

40 

5-8 

8-3 

11-2 

14-7 

22-7 
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Table 36 — (continued). 


Bore of pipe in mm. 

70 

80 

90 

100 

125 

. 

150 

175 

200 

'225 



Quantity of water, W, in cub. m. per hour. 



71-4 

93-7 

120-9 

154-4 

958'7 

391-8 

524-7 

707-7 

913-1 

56-3 

78-1 

103-3 

133-1 

223-0 

337-7 

477-0 

643 - 3 . 

830-1 

43-4 

60-2 

82-6 

106-4 

178-4 

270-1 

381-6 

514-6 

730-5 

37-2 

51-5 

68-1 

93-1 

156-1 

249-1 

345-3 

495-3 

639-2 

32-6 

46-8 

61-9 

83-8 

140-5 

222-9 

333-9 

450-3 

581-1 

28-2 

42-9 

56-8 

73-2 

133-8 

202-6 

314-8 

424-6 

547-8 

74'3 

98-1 

130-5 

163-0 

269-2 

391-8 

525-9 

700-4 

954-1 

59'4 

84-7 

108-8 

139-6 

234-1 

355-5 

478-1 

672-7 

867-3 

4 ; V 7 

cs-o 

87-0 

119-6 

187-2 

284-4 

382-5 

538-2 

693-8 

37'2 

r ) 3-9 

71-8 

97-7 

163-8 

261-3 

308-1 

414-4 

667-8 

34-4 

49 0 

05-2 

87-8 

147-4 

234-0 

334-7 

370-9 

607-1 

29-8 

44-9 

59-8 

76-7 

140 4 

213-3 

315-5 

355-1 

572-4 

75 -(i 

102-0 

136-0 

171-2 

286-3 

416-8 

586-1 

771-1 

1006-0 

fiO-S 

85-0 

1133 

145-5 

245-1 

368-9 

523-8 

701-0 

914-0 

i&r) 

66-4 

90-6 

116-4 

216-1 

295-1 

419-0 

560-8 

731-6 

39-9 

56-1 

74-8 

101-8 

171-5 

271-1 

403-3 

539-7 

704 -a 

35-0 

51-0 

68-0 

91-6 

154-4 

243-4 

3666 

. 490-7 

« 40-2 

3 n 3 

46-7 

62-3 

-* 80-0 

147-0 

221-3 

345-7 

462-6 

603-6 

8()-7 

107-4 

142-8 

• 

176-8 

293-6 

• 

434-8 

599-9 

807-2 

1039-1 

64'6 

89-5 

119-0 

15 T 1 

253-9 

384-8 

545-4 

733-8 

944-0 

49-7 

75-9 

95-2 

120-9 

203-1 

307-8 

436-3 

587-1 

755-7 

31 -O 

59-0 

78-5 

105-8 

177-7 

284-1 

419-9 

505-1 

727-3 

37'4 

53-7 

71-4 

95-2 

160-0 

253-9 

381-8 

513-6 

661-2 

32-5 

49-2 

65-4 

83-1 

152-3 

230*9 

359 -? 

484-3 

623-4 

83-3 

111-7 

148-1 

183-5 

304-8 

452-1 

• 619-0 

839-5 

1078-4 

66-6 

93-8 

123-4 

156-8 

262-8 

400-1 

562-7 

763-2 

980-4 

51’3 

71-8 

98-7 

125-4 

214-2 

320-0 

450-2 

610-5 

784-3 

43-9 

61-4 

81-4 

111-7 

183-4 

294-0 

425-6 

587-6 

754-9 

38-6 

55-9 

74-0 

98-8 

195-5 

263-0 

393-9 

534-2 

686-3 

34-9 

51-2 

67-8 

86-2 

157-6 

2400 

371-4 

510-0 

647-0 
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Table 36— (continued). 


i. 


Head of 
water, 
K. 

m 

Length 
of pipe, 

m. 


* 

8ore of pipe in^mm. 

• 


% 

80 

35 

40 

45 

50 

60 

Quantity of water, W, in cub. m. per hour. 

15-0 

10 

10-9 

15-7 

22-3 

304 

39-6 

62-1 


ao 

8-4 

12-1 

17-1 

23-4 

30-4 

47-7 


40 

6-3 

90 

12-9 

17-5 

22-8 

35-8 


60 • 

5’0 

7-2 

10-4 

14’2 

18'3 

29-2 


80 

4-6 

6-6 

9-3 

'12’8 

16-7 

26'2 


100 

41 • 

60 

8'5 

11-7 

15'2 

23-9 

160 

10 

11-3 

16-4 

23-3 

31-2 

41-2 

64-1 


20 

8-7 

12-6 

]7'9 

24-0 

91-6 

49-3 


49. 

6-5 

9-4 

13-4 

18-0 

23-7 

36'9 


60 

5-2 

7-6 

10-8 

14-6 

19-1 

30'0 


60 

4-7 

6-9 

9-7 

13-2 

17'4 

271 



4-3 

6-2 

i8-9 

12-0 

15-8 

24-7 

18-0 

H 

12-0 

17'5 

24'6 

33-0 

42-2 

68-0 



9-2 

13'4 

18-9 

2S-4 

32-4 

52-3 


Bnl 

6-9 

100 

14-2 

190 

24-3 

392 

• 

Hifil 

5-5 

8-0 

11-4 

15-4 

26-1 

31-8 

• 

80 • 

4'9 

72 

10-2 

140 

17-8 

28-8 



4’5 

6-6 

• 

9-3 

12-7 

-1 _ 

16-2 

26-2 

20-0 

10 

12-7 

18-4 

25-9 

35-1 

45-4 

720 


20 

9-8 

14T 

19'9 

27-0 

34'9 

55-4 


40 

7-3 

10-6 

14'9 

20'2 

26-2 

41-5 


60 

5-8 

8-5 

12-0 

16-3 

18-0 

33-6 

25-0 

10 

14'3 

20'5 

29-0 

37-7 

48-9 

77-4 


20 

11-0. 

15-9 

22-3 

290 

391 

61-9 


40 

7-2 

11-9 

16-7 

21-7 

27-0 

46-4 


60 

6-6 

9-5 

13'4 

17'9 

24-7 

40-2 


80 

60 

8-6 

12-1 

15-9 

2r6 

311 


100 

5’4 

7-9 

no 

14-5 

19-5 

30-9 
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Table 36 — (continued). 





Bore 

of pipe in mm . 

* 




70 

80 

90 

100 

125 

150 

175 

200 

225 



Quantity of wat « r , W , in 

cub . m . per hour . 



86'7 

114-4 

153-6 

190-9 

319-4 

467-2 

642-8 

864-4 

1117-8 

69-4 

96-2 

128-0 

163-1 

273-0 

413-4 

584-4 

785-8 

1016-2 

53-4 

74-1 

102-4 

130-5 

* 218-4 

330-7 

467-5 

618-6 

812-9 

45-8 

63-5 

84-4 

114-2 

191-1 

303-8 

457 - 6 * 

605-0 

782-4 

40-2 

57-7 

76-8 

102-7 

171-9 

272-0 

409-0 

550-0 

711-3 

36-5 

• 52-9 

70-4 

89-7 

163-8 

248 - 0 * 

385-7 

518-6 

670-7 

91-0 

119-0 

161-4 

196-7 

327-4 

485-1 

661-7 

888-0 

1149-3 

72-8 

99-4 

134-5 

168-1 

282-2 

429-3 

601-7 

807-3 

1044-8 

5G'l 

76-6 

107-6 

134-5 

223-7 

343-4 

481-3 

. 645-7 

835-8 

48-0 

65-6 

88-7 

117-7 

197-5 

315-5 

463-3 

621-6 

804-5 

42-2 

59-6 

80-7 

105-9 

177-8 

282-6 

423-3 

565-1 

731-3 

88-3 

54-7 

73-9 

92-4 

169-3 

257-6 

397-1 

532-8 

689-7 

94-5 

127-6 

17 - 2-8 

208-3 

345-8 

515-3 

703-1 

951-4 

1243-7 

75-6 

J 06-3 

144-0 

178-0 

298-1 

451-6 

639-1 

864-9 

1130-7 

58-2 

81-9 

115-2 

142-4 

238-5 

361-3 

511-3 

691-9 

904-5 

49-9 

70-1 

95-0 

124-6 

208-7 

331-9 

492-1 

666-0 

1 870-6 

42-8 

63-8 

86-6 

. 111-5 

187-8 

297-8 

447 - 4 * 

605-4 

* 791-5 

39-7 

58-4 

79-2 

97-9 

178-8 

270-9 

421-8 

559-8 

746-2 

99-6 

132-5 

177-2 

219-9 

363-8 

535-0 

743-8 

1001-2 

1291-0 

79’7 

110-5 

147-7 

187-9 

313-6 

477-0 

676-1 

910-2 

1173-6 

614 

85-1 

118-1 

150-3 

250-8 

381-6 

531-9 

728-1 

938-9 

52-6 

72-9 

97-4 

131-5 

219-5 

340-1 

520-6 

700-8 

903-7 

111-8 

149-7 

197-8 

244-2 

407-2 

587-7 

833-3 

1106-9 

1459-4 

89-5 

124-8 

164-8 

210-5 

351-1 

534-3 

• 757-5 

1006-3 

1326-8 

68-9 

96-1 

131-9 

168-4 

280-9 

427-4 

666-0 

905-0 

1261-4 

59-0 

82-3 

97-9 

147-3 

245-8 

392-0 

621-6 

852-3 

1123-8 

53-7 

74-8 

88-9 

132-6 

221-2 

352-6 

583-3 

774-8 

1021-6 

49-2 

68-6 

90-6 

126-0 

210-6 

320-5 

499-9 

664-1 

875-6 





CHAPTER XIX. 

THE LOSS OS’ HEAT FROM APPARATUS AND PIPES TO THE SUR¬ 
ROUNDING AIR AND MEANS FOR PREVENTING THE ESCAPE. 

A. The Loss of Heat. 

1. Accordintj to E Pcdcl’s Equations. 

E. PecIjET, in his classic work, TraiU de la cliakur, has laid down 
the principles for calculating the loss of heat from hot bodies. We 
ought not, however, to omit the many later reseaiches and methods 
of calculation; we shall therefore give the losses of heat according to 
Peclet and also according to more recent and simpler estimations. 
Unfortunately the results of the two methods of calculation differ 
considerably, POclet’s equations giving too low numbers, the more 
recent equations too high figures. The observed losses of heat, 
. although they also are not all in agreement, lie approximatsly in 
the mean of tho^e calculated according to the two formula!. 

According to P^clet, the total hourly loss of heat, M, expressed 
in calories, from 1 sq. m. of hot surface is composed of two parts, 
viz, :— 


(a) The loss due to radiation, 11, which only depends upon the 
material and the nature of the radiating surface, in addition to the 
temperature of the air, 6, and the difference in temperature, t, be¬ 
tween the hot body and the surrounding air. The influence of the 
material and nature of the surface is expressed by the coetticient, k. 


which is for:— 


Copper - 

.0’16 

Wrought iron 

.2-77 

Cast iron 

.8-36 
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According to Ptelet’s empirical equation, 

• li = 124'72/ca''(a‘ - 1).(168) 

in which a ="i'007l. , 


(6) The loss caused by contact with the sujTounding air, A. In 
this case the shape of the body, in addition to the difference in 
temperature, has a considerableJinfluence upon the loss, .which 
influence is expressc'd by the coefficient, kj. 

According to Ptlclet 

A = 0-552k,V-«.(169) 

The total loss of heat from the tody is therefore, for 1 Sq. m., one 
hour and the ditt'eienco in temperature, t, ‘ 

M^E + a’^ m-ma» {a‘ - 1) + 0-S52kjP'“ . (170) 

The coefficient, kj, was determined by Pbelet for many forms of 
surface; it is different for flat plane surfaces, for horizontal and 
■vertical cylinders, and also depends on the diameter of the cylinder. 

In Table 37 are given the following values, calculated according 
to Pcflet’s data— 

(a) The loss of heat by radiation, B, from copper, wrought and 
•oast iron, for 1 sq. rn., one hour, and for temperature differpnges of 
20'-180''C. 

(b) The loss m' heat by conduction. A, lor 1 sq. m. and one hour:— 
(o) From horizontal pipes of 20-1000 mm. diameter, and 

differences in temperature of 20°-180° C. 

(/3) From vertical cylinders of 1-3 m. diamdter, 1-5 *. high, 
for temperature differences of 20'’-160° C. 

(■y) From plane surfaces of 1.5«m. height and differences in 
temperature of 20°-180'’ 0. 

(c) The coefficient, kj, for horizontal pipes, with differences in 
temperature of 20°-180° C. 

(d) The coefficient, kj, for vertical cylindrical surfaces of 1-3 
m. diameter, and 1-5 m. high. 

(e) The coefficient, kj, for vertical plane surfaces. 

From Table 37 the calculated loss of heat (per sq. m. per hour) 
«an be read off for the most usual cases. For this pui-pose the loss 
by radiation, B, for the particular material and the prevailing • 
difference in temperature, is added to the loss by conduction. A, 
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Table 37. 


Loss of heat by radiation, B, by conduction, A (aiso the coefficients, k 
and cast iron, at temperature differences of 20°-180° C., 



Temperature Difference. 


20“ 

30° 

40“ 

60° 

60° 

70° 

00“ 

90° 



(a) Loss of heat by radiation, B, per 1 sq. m., from copper, 




Sheet copper (ft « 0‘16). 



17 = 

3-7 

5-81 

8-0 1 

10-4 1 

13-9 1 

15-91 

19 1 

22-2 




Wrought iron (ft « 2’77). 



17 = 

64 

100 

138-5 

181 

226 

275 1 

328 i 

384 




Cast iron (ft « 3'3C). 



17= 

78 

121 

168 

219 1 

274 ! 

334 1 

396 1 

466 

Diameter 









of the 






(*-) (<■) 

Loss of heat by 

pipe, mm. 









20 

130 

215 

306 

404 

505 

610 

716 

832 

30 

101 

168 

241 

316 

396 

479 

562 

754 

40 

88 

146 

207 

272 

340 

412 

483 

561 

60 

79-4 

131 

186 

246 

307 

372 

436 

505 

60 

74 

121 

173 

228. 

285 

345 

404 

470 

70 

70 

115 

164 

216 

270 

328 

384 

444 

80 

66-6 

109’8 

156-6 

205-8 

258 

312 

367 

426 

• 90 

65 

107-5 

153 

202 

252 

305 

360 

415 

100‘ 

62'6 

'103 

147 

193 

242 

293 

345 

399 

150 

57 

94 

133 

176 

220 

266 

313 

364 

200 

54 

89 

127 

167 

210 

249 

298 

344 


51 

84 

120 

158 

197-8 

239 

282 

326 

400 

49-9 

82 

117 

156 

194 

234 

276 

319 

500 

48-6 

81 

115 

151 

190 

230 

271 

313 

600 

48-4 

80 

113-7 

148 

187 

227 

267 

309 

800 

47-7 

78-7 

112 

147 

185 

223 

263 

305 

1000 

47 

.76-7 

111 

146 

183 

221 

260 

298 

Height 









of the 






ih) le) Loss of heat by 

cylinder, 









mm. 



Diameter of the 

cylinder 

= lin. 



1000 

59 

96 

138 

182 

228 

275 

323 

375 

2000 

52 

86 

123 

162 

202 

245 

289 

334 

3000 

50 

82 

117 

154 

194 

236 

275 

333 

4000 

48-8 

81 

116 

152 

191 

227. 

267 

309 

5000 

48-4 

,•80 

113-7 

148 

187 

.222 

261 

299 
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Table 37. 

and kj) from plane and cylindrical surfaces of sheet copper, wrought 
in calories per sq. m.,per hour, aooqrding to B. P4clet. 





Temperature Difference. 




100° 

110° 

120“ 

180“ 

140° 

ISO" 

160" 

170" 

180" 

wrought iron and cast iron, a', tomperature differences of 20°-lR0° 0. 





Sheet cepper (k 

= O-IG). 




25-7| 

29-71 

33-81 

38-3 

43 

48 1 

54-1 

60 1 

67 




Wrought iron 

= 2-77). 




447 

.506 

585 .1 

662 

746 

836' 

939 

1045 1 

1159 




Cast iron [k = 

3-36). 




541 

622 

709 

803 

904 1 1014 

1139 

1269 1 

1406 

conduction, A, from horizontal pipes. 





948 

1065 

1185 

1309 

1432 

1561 

1691 

1822 

1955 

742 

837 

931 

1028 

1125 

1226 

1328 

1431 

1535 

638 

717 

800 

883 

966 

1053 

1140 

1229 

1318 

586 

648 

724 

798 

873 

952 

1031 

1112 

1192 

536 

601 

671 

740 

810 

883 

957 

1030 

1105 

507 

567 

636 

706 

768 

838 

907 

978 

1048 

484 

544 

606 

669 

733 

798 

864 

931 

999 

477 

534 

595 

655 

717 

782 

847 

913 

979 

454 

511 

570 

629 

688 

750 

812 * 

875 

- 939 

414 

465 

617 ' 

572 

626 

683 

739 

796 

853 

393 

441 

493 

544 

595 

649 

703 

758 

812 

371 

417 

465 

613 

562 

'612 

662 

714 

766 

363 

408 

454 

502 

550 

599 

648 

698 

750 

857 

400 

446 

498 

540 

588 

636 

686 

736 

352 

396 

440 

486 

532 

580 

628 

677 

726 

347 

390 

434 

479 

525 

572 

619 

667 

716 

342 

383 

130 

475 

519 

566 

613 

633 

709 

cuuducdon, Af from vertical cylinders. 







Diameter of the cylinder = 1 im 



428 

480 

535 

591 

646 

705 

— 

— 

— 

381 

427 

477 

526 

575 

627 

— 

— 

— 

364 

408 

467 

504 

551 

601 

— 

— 

— 

352 

396 

440 

477 

532 

580 

— 

— 

— 

344 

385 

1 

432 

486 

516 

i 

569 

i 

— 

— 


iTT 
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Table 37 — {continued). 


Height 
of the 

Temperature Difference. • 

cylinder. 


• 








20° 

30” 

40" 

60” 

60" 

70” 

80“ 

90" 

mzn. 












Diameter of the cylinder 

= ]‘5 m 



1000 

59 

95 

137 

180 

226 

273 

320 

371 

2000 

51 

86 

121- 

159 

199 

242 

286 

330 

3000 

49 

82 

115 

151 

191 

231 

272 

315 

4000 

43-6 

81 

114 

149 

189 

229 

270 

312 

5000 

48 

79 

112-6 

147 ■ 

185 

226 

265 

306 




Diameter of the cylinder -2 m. 



1000 

58 

94 

136 

179 

224 

270 

317 

368 

2000 

50 

84 

121 

159 

199 

■240 

283' 

328 

3000 

48-8 

82 

116 

152 

191 

225 

271 

308 

4000 

48-6 

79-5 

113 

148 

187 

222 

265 

299 

5000 

47 

76-7 

111 

146 

183 

221 

260 

298 




Diameter of the cylinder 

* 2*5 m. 


1000 

66 

91 

132 

173 

217 

262 

307 

357 

2000 

51 

84 

120 

158 

197-8 

239 

282 

326 

3000 

48-6 

81 

115 

151 

190 

230 

271 

313 

4000 

48 

79 

113 

147 

186 

224 

264 

307 

5000 

47' 

76-7 

111 

146 

183 

221 

260 

298 




Diameter of the cylinder = 3 m. 



1000 

55 

91 

131 

172 

216 

260 

305 

355 

2000 

51 

84 

120 

157 

197 

238 

280 

324 

9000 

48-6 

81 

114 

150 

189 

229 

270 

312 

4000 

4:1-1 

78-7 

112 

147 

185 

223 

263 

305 

6000 

47 

76-7 

111 

146 

183 

221 

260 

298 






(6) (>) Doss of heat by conduction. 

1000 

53-2 

53-2 

87-8 

126-3 

206 

253 

294 

349 

2000 

48-6 

81 

115 

151 

190 

230 

271 

313 

3000 

470 

76-7 

111 

146 

183 

221 

260 

298 

4000 

46-4 

76-1 

108-5 

142-6 

178-3 

219 

255 

284 

6000 

45'1 

75 

107 

140-5; 176-3 

213 

251 

290 


(c) Value of the coefficient, kj, 

for horizontal pipes. 





d - diameter in mm. 





d = 

20 ' 

25 30 40 50 

60 

mm. 



kj = 

5'87 

5-11 4-61 3-96 3-58 3 32 




70 

80 90 100 150 

200 

mm. 



k, = 

315 3-0 2-94 2-82 2'567 2-44 




d 

300 

400 6P0 800 900 

1000 

mm. 



k, = 

23 

2-25 2-21 2-18 2-15 213 


* 
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Table 37 — {contiimd}. 


Temperature Difference. 

• • 

100° 

110° 

120° 

130° 

140° 

150° 

160° ' 

170° 

180” 



Diameter of the cylinder »1*5 m. 



m 

475 

530 

585 

640 

698 


— 

— 

877 

420 

470 

522 

570 

617 

— 


— 

358 

401 

448 

495 

546 

591 

— 

— 

— 

355 

398 

444 

490 

537 

585 

— 


•- 

348 

392 

436 

481 

527 

575 


T 

_ 



Diameter of the cylinder = 2 

m. 



420 

470 

525 

580 

633 

690 

— 

— 

— 

373 

419 

467 

516 

565 

615 

• 

— 

— 

350 

395 

438 

484 

530 

577 

— 

— 

— 

344 

385 

432 

477 

521 

569 

— 

— 

— 

342 

383 

430 

475 

519 

566 



— 



Diameter of the cylinder» 2'5 

m. 



405 

456 

509 

562 

615 

670 

— 


— 

371 

417 

465 

513 

562 

612 

— 


— 

357 

400 

466 

493 

540 

588 

_ 


— 

348 

392 

436 

482 

528 

575 


— 

— 

342 

382 

■ 430 

475 

519 

566 

_ 

— 




Diameter of the cylinder =: 3 nh 



403 

452 

505 

560 

612 

667 

— 

_ 

_ 

369 

415 

463 

510 

560 

609 

— 

— 

— 

355 

398 

444 

490 

537 

585 

— 

— 

— 

347 

390 

434 

479 

525 

572 

— 

• 

• 

342 

383 

430 

47S 

579 

566 

— 


_ 

A, from vertical plane surfaces. 






388 

426 

484 

535 

586 

638 

691 

745 

800 

363 

408 

454 

502 

550 

599 

648 

698 

750 

342 

383 

430 

475 

519 

566 

613 

660 

709 

336 

379 

420 

463 

508 

553 

599 

645 

692 

331 

369 

414 

451 

501 

545 

590 

637 

682 


id) Value of the coefficient, k„ for vertical cylinders. 





h = height, d = 

diameter. 






A = 1000 2000 3000 

4000 

5000 mm. 1 


d = 

1000 

k, = 2-65 2-36 2-20 

2-29 

2T8 



d = 

1500 

kj = 2'62 2-33 224 

2-20 

216 



d = 

2000 

ki = 2-60 2-31 2-22 

2-17 

2T3 



d = 

2500 

k, = 2-62 2'30 2-21 

2-16 

213 



(2 = 

3000 

k, = 2-51 2-29 2-20 

2-15 

213 



(e) Value of the coefficient, k,, for vertical plane surfaces. 





h = 

might in mm. 





h 

= 1000 

2000 

3000 

4000 

5000 mm. 




= u 

2-21 

2-13 

208 

2-05 
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which depends on the form of the body and its position at the present 
difference in temperature. 

Example.—K borizoutal cast-iron pipe of 200 mm. external diameter loses, 
viith a temperalur' difference of 100” C., 

Jf = R + A = 511 + 303 = 9.34 calories pet sq. m. per hour. 

These calculated losses of heat probably approximate to the truth, 
but it is still necessary to state what values have been obtained by- 
more recent experiments, conducted both on a large and small scale. 
It may he assumed a priori, that experiments with larger objects in 
larger rooms will show somewhat greater losses of heat, since they, 
being generally undertaken for practical purposes, do not so completely 
exclude all the subsidiary conditions {e.g'., the rapid motion of the air 
about the warm body under the experiment), as Pcclet’s purely labora¬ 
tory experiments did. We have endeavoured to collect the accounts 
of researches on loss of heat dispersed throughout the literature of the 
subject. The results of the search are collected in Table 38; it should 
be remarked that these experiments do not all appear to be of equal 
value, since some were certainly not carried out with regard to all the 
circumstances to be considered. 

In Table 38 are given the quantities of condensed water found 
in the different experiments, and thence are calculated the calories 
given out per sq. m. per houi-. Then in the next column is given the 
lo,ss of heal calculated for the particular case by means of P^olet'4 
formulae. 

Comparison of these figures shows that in reality hot surfaces lose 
about 25 per cent, more heat than P^olet’s formula indicates, which 
is without doubt explained by the ever-,present air currents, which, as 
is well known, considerably facilitate the loss of heat to the air. The 
irregularity of the results of the experiments is due to the same cause 
and to the variable quantity of air in ihe steam. 

It is not possible to arrange in one table the losses of heat from 
all these hot nodies of such various shapes and sizes. The loss must 
generally be determined as the product of the calculated exterior 
surface and the loss from unit surface, obtained from Table 37 or 39. 

For the most ordinary apparatus—borizonial pipes and vertical 
cylinders of cast-iron, wrought-iron and copper—the losses of heat 
per hour calculated by Ptelet’s equations ate given in Table 39, for 
pipes of 20-1000 mm, diameter pet running metre and for vertical 
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oylinders of 1-6 m. height per 1 sq. m. of surface, for temperature 
iffereuces of 30°-160° C. * 

In order to find vhe logs of heat really to be expected, the figures 
of Table .39 must be multiplied by about 1'275, i.e., increased by about 
26 per cent. 

3 

2. According to more Modern Formula. 

The second, more modern, and somewhat simplified formula for 
the determination of the loss of heat, M, from warm bodies to the 


surrounding air, runs as before, , ' 

M=^B-{-A .. (171) 

The loss by radiation is here, according to Duljng and l-’etit, 

it = 125/c(l'0077b - l-0077y .... (172) 


. The coefficient of radiation, k, according to Peolet, for copper 
•= 0T6, wrought iron=2-77, cast iron = 3'36; is the temperature 
of the hot space, tj,, of the cold space. 

The loss by conduction is 

A = 0-656(fi - .(173) 

in which b is the ooefficieid of conduction, which is, aocoidini; to* 
Valerius, for air at rest, 4, ior air in motion, 5-6. 

Thus the formula ‘or the loss of heat from hot bodies to the 
surrounding air becomes 

JII=125fc{l-0077',- 1-0077/,)+ 0'566(ti-<j)'“, . (174) 

,/By means of this equation the loss of heat from cast-iron, wrought- 
iron, and copper surfaces, to the surrounding air. per hour and per 
sq. m., has been calculated for differences in temperature of 20°- 
180° C. The results are given in Table 40. 

These figures (Table 40) will be found to be considerably higher 
than those calculated by means of P4olet’s formula (Table 39), and 
even greater than the losses experimentally determined. • As is often 
the case, the truth lies in the mean. 

In the compilation of experimental results (Table 38), the .values 
calculated by both formulas are introduced, in order to facilitate 
comparison. 

The loss of heat from multiple effect evaporators is greater than 
would be due to their simple surface.' Let C;, Cn, Cm, Cir calories 

[Continued onp. 202. 
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evaporating and condensing appabatdb. 


Table 38. 

Compilation of the results of experiments, on the loss ot heat, by 
Ordwav, Gutermuth, Pajquay, Russneaand Paul MiiUer. 
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Table 38 — {continued). 



Loss of heat, in calories, 
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TaBIiB 39. 

(a) Loss of heat, in calories, from cast-iron (C), wrought- 

hour, according 

(6) Loss of heat from vertical cylinders, 1-5 ra. 
' The real loss is about 25 per cent. 


O'® 

•3 

a o 

l|! 

w-g 0 

mm.* 

SB . 

.5 p^a 

'3 

'B 

o 

Temperature DlSeience. 


n & 

mm. 

0*0 
sq. m. 


B| 



60° 

70° 

20 

26 

0081 

w 


— 1 


a) Loss 

of heat, 

20 

23 

0-075 

* K 

— 

— 

— 

— 

— 

30 

38 

0-120 

W 

— 

— 

— 

— 


.30 

33 

0-103 

K 

— 

— 

— 

— 

— 

40 

44-5 

0-140 

W 

— 


— 

78 

95 

40 

43 

0-135 

K 

— 


— 

45 

51 

50 

54 

0-169 

W 

— 

_ 


100 

no 

50 

54 

0-169 

K 

— 

— 

— 

51 

72 

60 

66 

0-207 

W 

— 


— 

100 

121 

60 

64 

0-201 

K 

_ 


— 

57 

72 - 

70 

76 

0-238 

W 

— 

— 

— 

117 

142 

70 

74 

0-232 

K 

— 

— 

— 

64 

78 

80 

100 

0-314 

C 

— • 


_ 

162 

135 

80 

89 

0-279 

W 

— 
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162 

80 

85 

0-267 

K 

— 

— 


71 

86 

90 

no 

0-345 

G 

— 

— 

— 

176 

214 

90 

98 

0-307 

W 

_ 

— 


145 

175 

90 

95 

0-300 




— 

76 

97 

100 

120 

0-377 

0 


— 

— 

190 

232 

100 

108 

0-339 

w 


— 

— 

166 

192 

100 

105 

0-330 

K 

— 

— 

— 

83 

100 

125 

145 

0-455 

C 

— 

136 

175 

225 

273 

125 

133 

0-417 

W 

— 

113 

150 

189 

228 

125 

131 

0-411 

K 

— 

67 

78 

100 

118 

150 

172 

0-050 

G 

_ 

162 

210 

264 

320 

150 

159. 

0-499 

W 

— 

136 

177 

222 

270 

150 

157 

0-493 ‘ 

K 

— 

70 

90 

no 

130 

200 

223 

0-700 

C 

— 

210 

284 

850 

420 

' 200 

210 

0-659 

W 

— 

174 

229 

287 

346 

200 

208 

0-663 

K 

— 

86 

114 

144 

174 

250 

276 

0-867 

C 

— 

258 

837 

424 

611 

250 

260 

0-817 

W 

— 

218 

287 

358 

433 

250 

268 

0-810 

K 


113 

, 250 

188 

l« 

228 
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Table 39. 

iron (TF) and ooppft (jK) pipes per running metre in one 
to B. Peclet." 

• y 

high, per sq. m. per houi*, according to E. Pcclet. 
greater than that calculated here. 


Temperature Difference. 


80° 

90° 

100° 

110° 

1 

120“ 

1.30° 

140'* 

150° 

160° 

in calories, per running ra 

in 1 hour. 


* 



76 

94 

102° 

113 

129 

143 

160 

177 

193 

48 

60 

05 

70 

80 

85 

95 

105 

112 

96 

115 

130 

144 

165 

185 

205 

225 

250 

53 

71 

81 

85 

95 

105 

no 

120 

135 

no 

127 

149 

165 

190 

210 

235 

257 

281 

64 

75 

95 

100 

105 

118 

130 

141 

1.53 

124 

143 

170 

190 

217 

245 

268 

293 

328 

75 

86 

90 

no 

125 

138 

150 

163 

180 

150 

168 

200 

220 

250 

280 

310 

340 

395 

85 

97 

112 

125 

138 

154 

165 

185 

198 

167 

195 

224 

225 

286 

309 

35S 

396 

' 433 

90 

105 

12(1 

135 

152 

166 

185 

201 

217 

231 

171 

.318 

355 

403 

448 

600 

553 

610 

192 

224 

258 

294 

340 

368 

408 

450 

600 

103 

118 

135 

152 

170 

190 

207 

226 

?43 ' 

254 

297 

349 

388 

438 

490 

m 

607° 

670 

205 

235 

276* 

305 

350 

390 

430 

477 

526 

112 

129 

150 

165 

184 

195 

225 

244 

265 

276 

322 

377 

422 

477 * 

633 

593 

6.59 

727 

227 

264 

311 

344 

391 

438 

483 

537 

591 

118 

138 

168 

178 

198 

217 

240 

265 

280 

322 

377 

434 

494 

558 

625 

696 

772 

854 

267 

310 

367 

413 

468 

515 

585 

643 

710 

141 

161 

188 

211 

225 

251 

280 

310 

335 

379 

442 

510 

580 

707 

733 

815 

907 

1004 

319 

372 

431 

483 

577 

616 

688 

,768 

839 

160 

190 

210 

240 

270 

300 

326 

360 

390 

511 

588 

700 

770 

875 

980 

1092 

1211 

1330 

410 

477 

574 

623 

706 

792 

877 

976 

1082 

214 

234 

275 

305 

345 

376 

410 

456 

490 

607 

705 

814 

924 

1048 

1178 

1308 

1466 

1612 

613 

600 

689 

777 

888 

995 

1107 

1225 

1363 

273 

313 

t 1 

366 

400 

446 

495 

542 

592 

643 
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Table 39— (contimted). 


2 g 

mnx 

(8 0) . 

X flJ 

W^5 0 

mm. 

S s . 

tn w 

60 »H " 

o 5^ 
05 o 

sq. m. 

Material. 

• 

Temperature*Difference. 


3p” 

40« 

60“ 

60“ 

70“ 

m 







[<{) Loss of heaty 


332 

1-043 

c 

205 

295 

378 

471 

575 


310 

0-974 

w 

177 

250 

329 

409 

498 

300 

308 

0-967 

K 

87 

•124 

163 

203 

247 

400 

410 

l'-288 

W 

233 

326 

441 

537 

651 

400 

408 

1-282 

K 

113 

150 

' 215 

266 

322 

500 

510 

1-60 

•F 

289 

404 

531 

665 

,808 

500 

509 

1-60 

K 

154 

197 

^57 

324 

394 

600 

612 

1-92 

W 

345 

480 

628 

792 

969 

700 

712 

2-23 

W 

404 

559 

733 

918 

1115 

800 

813 

2-.55 

W 

448 

642 

841 

1057 

1275 

900 

913 

2-87 

w 

505 

723 

947 

1190 

1435 

1000 

1013 

3-18 

w 

556 

791 

1040 

1299 

1578 



Height. 





(6) Loss 

of licat 



r 

G . 

216 

305 

399 

500 

607 




W 

195 

• 275 

361 

452 

548 




K 

101 

145 

191 

240 

290 

«• 


2 

C 

207 

289 

378 

473 

576 



' 

w 

186 

259 

340 

425 

517 




K 

92 

129 

170 

211 

260 



3 

C ' 

203 

283' 

370 

465 

565 




W 

182 

253 

332 

418 

.506 




K 

88 

124 

162 

204 

247 



4 

G 

201 

282 

367 

463 

,563 




W 

181 

252 

330 

415 

494 




K 

87 

123 

160 

202 

245 



5 

G 

200 

280 

365 

460 

560 




W 

179 

250 

328 

411 

500 




. K 

85 

121 

158 

200 

241 


bb the losses of heat from the separate vessels. It is evident that 
heat lost from one vessel cannot produce evaporation in the following 
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Table 39— (contmaed). 


Temperature Difference. 

80° 

90° 

100° 

1 

110° i 

1 

120° 

j- 

130“ 

140° 

150° 

160' 

ID calories, per running m. 

in 1 hour. 





702 

820 

947 

1077 

1213 

1469 

1517 

1683 

1865 

,'588 

689 

793 

895 

1038 

1129 

1268 

1404 

1553 

292 

356 

375 

433 

496 

544 

589 

■ 640 

694 

773 

900 

1037 

1170 

1330 

1490 

1658 

1837 

2032 

,380 

439 

494 

565 

659 

688 

764 

834 

905 

960 

1015 

1286 

1350 

1649 

1848 

2057 

2272 

2520 

4i)4 

535 

•612 

688 

768 

*849 

932 

1017 

1104 

1148 

1357 

1636 

1722 

1978 

2213 

2463 

2718 

2818 

1322 

1.540 

1774 

2007 

2279 

2551 

2845 

3146 

3639 

l.'iO.'i 

1746 

2014 

2269. 

2601 

2907 

3238 

3595 

3978 

l(i93 

1932 

2252 

2615 

2927 

3272 

3h5 

4047 

4477 

1762 

2162 

2501 

2820 

3226 

3612 

4017 

4458 

4931 

from vertical cylinders per sq. m. per hour. 





716 

832 

965 

1097 

1242 


*_ 

— 

— 

648 

755 

871 

981 

1115 


— 



340 

395 

450 

505 

564 


— 

— 


682 

79(i 

918 

1042 

1180 

_ 

— 

— 

_r 

614 

714 

824 

926 

1055 

— 

— 

— 

— 

305 

352 

403 

450 

505 

— 



— 

668 

781 

899 

1023 

1157 

_ 

_ 

_ 


600 

699 

805 

907 

1033 

— 

__ 

— 


291 

337 

384 

431 

481 


— 



666 

778 

896 

1020 

1152 


— 

— 

i — 

598 

696 

802 

904 

1029 

— 

— 

— 

I — 

289 

334 

381 

428 

478 

— 

— 

_ 

! — 

665 

772 

889 

1014 

1145 

— 

— 

— 

1 — 

593 

690 

795 

898 

1021 

— 

_ 

— 

, — 

284 

328 

374 

422 

470 

* 

— 

— 

! 


In the double effect the first vessel loses 0/ calories, and since 


these Cl calories cannot evaporate anything in the second vessei, as 
much again is lost,altogether 2Ci calories. The second vessel 
in its turn loses On calories.. 
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Thus there are lost:— 

In the double effect: ‘iCj + Cj,. 

In the triple effect; « 30, +,20„ -f C,„. 

In the quadruple effect : 40,+3C,,+20,„ + Cy. 


Table 40. 


Dif[e^ 
ence in 
tempera- 
. tore. 

®C. 

Cast' 

iron. 

vVrought- 

iron. 

Copper. 

Differ¬ 
ence in 
tempera¬ 
ture. 

‘’C. 

^ Cast- 
iron. 

Wrought- 

iron. 

Copper. 

Loss of heat in calories per sq. m. per 

Loss of beat in calories per sq. m. per 

hour at the respective differences 

hour at the respeclive differences 


in temperature. 



in temperature. 

j 

• 20 


192 

133 

m 

1612 



80 

324 

312 

210 


1824 

1652 


40 


440 

292 

■bW 

2052 

1968 

1262 

50 


670 

384 

140 

2246 

2156 

1386 

60 

741 

710 

475 

150 

2485 

2380 

1496 

KB 

■glM 

877 

552 

160 

2725 

2610 

1625 

mm 

1074 

1034 

686 

170 

■ 2946 

2820 

1747 


1248 

1200 

794 

180 

3240 

3100 

1880 

100 ' 

1431 

1380 

901 







• 







In vertical evaporators the oooKng surface pef sq. m. of heating 
surface ranges from 042-0'36 sq. m., as a rule it is 0'16-0'2 sq. ra. 

Sxampli.— Id a quadruple eSeot evaporator, with vessels of equal size, the 
cooling surface = 048 sq. m. per sq. m. of heating surface. The temperatures 

we;- 


In vessel. 

- I. 

II. 

III. 

IV. 


100“ 

95“ 

86“ 

60“ 

Thus the tempemture differences are 

- 80“ 

76“ 

66” 

40“ 


li the vessels are of wrought iron, the loss of heat in each, per 1 sq. m. of 
kcatlng surface, is (Table 89) 

048 X 600 048 x 660 048 X 460 048 x 258, 

108 99 88 45'5 calories. 
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The whole loss of heat is thus 

4 X 108 + 3 X 99 + 2 X 83 + 45-5 = 432 + 297 +166 + 45-5 = 940-5 calories. ’ 
Therefore'4he average loss per 1 sq. m. of heating surface in one hour Is 
940-5 • J 

—j- = 235 calories, whith is equal to about 2-3 per cent, of the efficiencj. 

j 

In an unprotected quadruple- 

efiect evaporator of -800 400 600 800 sq. m. 

The loss of heat is about - 70,500 ’ 94,000 141,000 188,000 calories 

Or about . - - . 130 195 260 345 kilos, of steam 

Or about .... 22 , 83 46 68 kilos, of coal 

per hour. Rather more than less. * 

The loss of heat from a large apparatus is thus 'not inoonsider- 
ahle, and it is very advisable to protect from such losses. 


B, Means for Preventing Loss of Heat and their Efficacy. 

The results obtained in different experiments, -which are in 
tolerable agreement, show that the best protection against loss of heat 
is afforded by porous substances, -which contain air. The order of 
efBciency, the best first, is as follows: silk, hair, wool, cotton, straw, 
turf, cork, wood, ashes, kieselguhr, sawdust, powdered coke, slag 
wool, mixtures of clay, lime and gypsum, with or without hair. The 
coating should not bo too thick or the.gurfaoe is unduly increased; a 
larger and cooler surface may easily lose more heat than a smaller 
and hotter surface. The coating should be light, incombustible .and 
fairly resistant to external injury. The conduojsivities o( the various 
protective materials, as determined by Fasquay, appear to be reliable i 
silk waste is the best non-conducting material. 

Fasquay found the following conductivities for beat:— 


Silk 


- 0-045-0-048 

Cow-hair felt 


- 0-057 

Cork shavings - 


- 0-073 

Chopped turf 

• 

- 0-073-0-0997 

Kieselguhr 


- 0-077-0-144 

Leroy’s mixture 


- • 0-089-0-125 

Knoch’s mixture 


- 0-090-0-240 

Slag wool . . . r 


- 0-101 

Griinzweig and Hartmann's 

(Kieselguhr) 

- 0-122 

EinsiedeTs mixture - 

- 

- 0-139 
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The coefficient of radiation for the protective mass was taken as 

S-66. 

Pasquay aiso found {Warmsehutz im Dampfbetrieb, 1895) the 
following amounts of condensed steam In a naked an& covered pipe, 
other conditions being the'same. The temperature of the steam was 
185" C.; of the air, 13‘5°-16° C. (mean, 15’). 

The pipe condensed per sq. m. of surface in one hour:— 

Naked.2’972-3'087 kilos, of steam. 

When covered with a oushien of 

sQk 25 mm. thick - - - 0 446 „ 

When covered 55 mm. thick with • 

cork shavings - - - - O'467 „ 

When covered with kieselguhr • 0'640-0'!j95 „ 

When covered with Leroy’s mixture 

25 mm. thick - - - . 0'672-0'871 „ 

When covered with Enoch’s mixture 

25 mm. thick - . . . 0'846-l'216 „ 

When covered \»ith Klehmet’s mix-' 

ture. 1-396 „ 

It is to be observed that the composition of the compound non¬ 
conducting materials, has considerable infiuence on their efficiency, 
and that the composition is in,reality not always the same. Price 
also influences the choice of a non-conducting material. 

By using the best protective coating, in the most favourable case 
about 80-85^per cent of the loss which occurs from a naked pipe 
may be avoided. 

Johannes Eussner proposes for steam pipes a double covering of 
tin-plate, fitting tight, which is said to.be still better than silk. This 
covering appears to be rather expensive. In this case the width 
of the space between the pipe and its jacket is important, it should 
not be too small or too large; about 10 mm. is stated to be suitable. 



CHAPTER ^XX. 

CONDENSERS. 

The appliances by means of which yapours (or gases) are liquefied 
or condensed are known as condensers. Sometimes the vapours or 
gases lire to be condensed at atmospheric pressure, but more fre¬ 
quently it is desired to produce and maintain a vacuum by means of 
the condeusation. In the latter case the condensation must naturally 
be effected in a space shut off from the air. The condensation is 
accomplished almost without exception in the oases under considera¬ 
tion by the withdrawal of heat, for which purpose cold water is 
generally used, cold air more rarely, since the former is the cheapest 
and most convenient means. It may be used in two ways; either the 
cooling water is injected directly into the vapour to be condensed, or 
the vapour is co.iducted over surfaces cooled by water or air. Thus 
there are obtained;— 

A. Jet-condensers. 

-• B. Surfaoe-oondensers. 

The former are cheaper and are tlterefore always used, unless it 
is required to separate the vapours of valuable liquids (alcohol, ether, 
benzene, etc.) or to obtain pure condensed water. 

Of the jet-condensers, which are employed to create a vacuum 
and must therefore be connected to an air-pump, two different kinds 
may be distinguished, namely :— 

(o) The so-called wet condensers, from which the air-pump extracts 
the condensed vapours and injected water together with the air and 
uncondensed vapours. The principle of opposite currents between 
vapour and cooling water may be utilised in these condensers, 
but is not of great service. Wet condensers are generally arranged 
for parallel currents. 
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{b) The BO-called dry condensers, from which the air-pump ex¬ 
tracts only the air and uncondensed vapour, Whilst the condensed 
vapour and injected water are carried off automatically in another 
way. The principle of opposite or counter-currents is almost always 
applied in this class, 'and with great effect, thus they are also called 
dry counter-current condensers.* .. 

Surface-condensers, since they generally require a large surface, 
are almost always tubular; they are constructed of one or several 
long pipes or of many short tubes. The vapour may then pass 
through, and the cooling water outside, the tubes, but the opposite 
arrangement is also used. In both oases the whole mass of the 
water may flow slowly, generally upwards (opposite currents), in 
a closed space over the condensing surface. 'Thus these condensers 
are called closed surface-condensers. In many cases it is not only 
necessary to liquefy the vapours in the condenser, but also to cool 
the liquid. A cooling surface must then be attached to the con¬ 
densing surface; this apparatus is then known as a cooler. If the 
vapour is passed through the tubes and the cooling water allowed to 
flow down outside exposed to the air, the apparatus is known as an 
open surface-condenser. 

A. Jet-Condensers. 

1. General'. 

, When a definite weight of steam at a determined pressure is 
admittejl into a,condenser, perfectly closed and quite empty, and 
sufficient cold water is injected, almost the whole of the steam is 
converted into water and the injected or cooling water becomes con¬ 
siderably hotter by the exchange of heat. After the condensation 
there remain in the condenser; warm w^ter, and over it, an ab¬ 
solutely empty space, in which the pressure would be zero («.«., a 
vacuum of 760 mm.) if the space were not immediately filled by:— 
(a) The vapour, evolved by the warm water. Its pressure, which 
depends on the temperature of the water, is always known. 

(J) Air, which is always introduced into the condenser along with 
the steam and cooling wkter. 

* It will be seen that the difierentiatios of jet-condensers into “ wet ” and 
' “ dry ” in no way corresponds to the true meaning of the words. These expres¬ 
sions have been once introduced and are now almost universally employed in 
interested circles. We might propose to call “dry ” condensers/nil-pipe amdenma. 
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If, as a matter of reality, no air at all entered the condenser, after 
the condensation there would be in the condenser only water and 
vapour at a pressure corresponding to the temperature of the water. 
Since, however, air *s always introduced by the steam and water, to 
this vapour pressure is to be added the pressure'of the air introduced. 
The pressure in the condenser is tltfn the sum of the pressures of air 
and vapour. 

Warm water, which has been used for condensing, then artificially 
cooled and again led into the condensar, contains little air, but still 
always some quantity. 

In a closed vessel, partially filled with hot water, in which a 
considerable air pressure is produced by artificial means, the water 
would still evolve steam of a pressure corresponding to its tempera¬ 
ture, which would increase by its own amount the pressure already 
existing. 

The air-pumps are used to exhaust as rapidly and completely as 
possible the air introduced by steam and water, so that there may be 
in the condenser only the pressure of the steam, which depends on 
the temperature of the water. 

The pressure in the condenser should be as low as possible, for 
as it decreases thi boiling point also falls and the evaporative 
capacity of the heating surface in the vacuum increases. 

There can be no intention of exhausting, by means of the air- 
pump, the vapour formed from the water together with the air, in, 
order to increase the vacuum, since the volume of this vapour is 
so great that it cannot be dealt with by pumps ot reasonable size. 
If it were desired to exhaust steam from the condenser with the air- 
pump, and thus to form*fresh vapour from the water, which process 
would cool the warm water and so produce a higher vacuum, the. 
air-pump would have to Be of quite impossible dimensions. 

Exampk.—ln order to condoase 100 kilos, of steam, under oertuin eircuu- 
stances, 8030 kilos, of water are required, which beoome heated from 16'-36” 0. 

In order to cool these 3030 kilos, of water through 6’ 0. (to 30°) it would be 

necessary to deprive them of 18,150 calories,to evaporate = 26-1 kilos. 

Now 1 kilo, of steam at 30°-35° 0. has a volume on the average of 23,750 litres, 
thus 26'1 kilos, measure 750,375 litres. Such great volumes can naturally not be 
pumped out in a short time. 

It is therefore necessary to restrict the operation to removing the air alone 
from the condenser as completely as possible, 

14 
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Since the preesure in the condenser is always the sum of the 
pressures of air and steam, it follows that ths pressure of the air 
is found if that of the steam be deducted from the .total pressure. 
The pressure of the steam is, however, dependent on the temperature 

of the injected water when warmed 
by the condensed steam, since the 
two are in contact. 

The temperature of the water ' 
at different parts of the same con¬ 
denser is different, so must also 
be.the pressures of the steam 
and air. The total pressure can¬ 
not be the same in all parts of 
the condenser, because currents of 
air and steam must be produced, 
but this total pressure must always 
be somewhat lower than the pres- 
sui’o in the evaporating apparatus, 
the vapours of which are to be 
liquefied in the condenser, since 
the friction of the vapour in the 
pipes between the evaporator and 
condenser naturally absorbs a 
certain amount of pressure,. 

There must be a somewhat 
higher pressure in the evaporator 
than in the condenser, in order 
to impart their velocity to the 
exhausted vapours. This differ¬ 
ence of'pressure will be the less, 
the shorter the connecting pipe 
and the slower the movement of 
the steam in it. On this subject 
see Chapter XVII. 

The higher the temperature of the water in the condenser at the 
place where the air is exhausted, the higher is also the corresponding 
vapour pressure at this point. With a fixed total pressure in the 
condenser, the pressure of the air must be lower (*.e., a definite weight 
will occupy a proportionately larger volume, which is to be removed 



Fig. U. 

Parallel Current' Jet-Condenser. 
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from the condenser) the higher the temperature the water with which 
it is last in contact. • 


Thus it follows that, other things being equal, 
the volume of air toT)e extracted i8 least when 
it is directly or indirectly in contact with cold 
water at its removal from the condjnser. This 
is the case in opposite current and surface- 
condensers, whilst in parallel current condensers 
the warm water goes into the pump injiommon 
with the air and steam. 

The amount of cooling water used in a 
condenser must always be so great that the 
temperature of the waste water is somewhat 
lower than corresponds to the vacuum, shice 
only then can the vacuum in the condenser be 
maintained somewhat higher than in the evapo¬ 
rator (i.e., the pressure somewhat lower), which 
we found to be necessary. * 

In wet {parallel current) jet-condensers the 
steam enters the closed condenser at the top, 
together with the water in the finest spray, and 
both move downwaids with diverse velocities. 
The steam then gives up its heat to the oobling 
water and is liquefied, and the cooling water takes 
up thi.s heat and becomes warmer. The velocity 
of the steam diminishes to zero in its down¬ 
ward path, the velocity of the water increasing 
downwards in accordance with the Jaws of 
falling bodies. Air, water and unoondensed 
gases collect at the lower ^art of the condenser 
and are exhausted by the air-pump. 

Wet condensers are constructed in many 
different ways. h'ig. 14 indicates one construc¬ 
tion, which is quite practical and permits of the 
necessary injected water being pumped direct 
from a well. 



Opposite currents may also be arranged in 
•a wet condenser, by admitting the steam below 


PiQ. 16 . 

Pall-pipe Condonsor.' 


and exhausting the air above, by which means the latter, since it is 
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last in contact with cold water, may be removed colder, which is in 
itself an advantage. However, the air in the pump cylinder, or even 
earlier, is in contact with the warm water, above which is steam of 
corresponding pressure. Thus a6 advantage of this construction can 
hardly be recognised, for the air is intimately mixed with the water 
and very rapidly acquires its temperature, when the condition of things 
is then the same as if air and water were exhausted by the same 
passage. The pressure in the wet air-pump, which is still in question, 
is always dependent on the temperature of the water pumped out. 

In dry (counter-emrent, fall-pipe) condensers the steam enters 
below an'd the cooling water in fine ;spray above. The steam rises 
with decreasing velocity, the cooling water falls. It is endeavoured to 
arrange that the cooling water, when it leaVbs, shall be as nearly as 
possible at the temperature of the entering steam and the air as 
nearly as possible at that of the cold water. It is often assumed 
that the temperature of the steam is the same throughout the con¬ 
denser, which cannot, strictly speaking, be the case. From the 
bottom of the “Condenser the injected water and condensed steam 
flow away spontaneously through a vertical pipe at least 10'7 m. 
long. In the most favourable case the pressure in this condenser 
corresponds to the temperature of the cooling water as it enters. 

Dry condensers also may be constructed in different ways. 
Fig. 15 shows, with details omitted, an ordinary design, which is 
quite clear without further explanation. 

, We shall next consider separately the factors which aft'ect the 
dimensions of "jet-condensers, and then use the results in deter¬ 
mining these dimensions. 

2. The Necessary Quantity of Cooling Water. 

The quantity of cooling water requireff in each case depends in 
particular on its original temperature, on that at which it is to lea/ve 
the condenser, and, finally, on the total heat of the steam, which 
depends on the vacuum to be produced. 

Let D = the weight of steam to be condensed, in Idlos., 
c » the total beat of 1 kilo, of this steam, 

W = the weight of the cooling water in kilos., 

-> original temperature of this water in' C., 
t, = the final temperature of the waste water after the con¬ 
densation. 



THE WATER SUPPLY PIPE. 213 

Then Dc + Wt. = (W + D)t, 

9 

Thus the weight of cooling water, 

V 

E.vani})U.—D = 100 kilos, of steam ar5 t-o be condensed by water at K *10®, 
80 that the waste water is at U * 40®. How much cooling water is required ? 

At 40® G. 1 kilo, of steam has c - 616'7 calories, therefore 

_ D^t.) ^ l_00L61il.-M„ 1929 kilos 

Thus in this case W = 1929 kiloS. of cooling water arc nepassaiy. 

It is occasionally convenient to have these data at hand, accord¬ 
ingly Table 41 has been drawn up, giving the number of kilos, of 
water required to condense 1 Hlo. of steam under various conditions 
—water injected at temperatures of 6°-40° C., and waste water at 
20°-G0° C. The heat of the steam is taken throughout at c = 630 
calories, whilst in reality if varies somewhat in each case. 

3. The Diameter of the Water Supply Pipe. 

The diameter of the pipe, which conveys the water to the con¬ 
denser, depends the quantity to be supplied in unit time and on the 
pressure with which it is injected into the condenser. The quantities 
of water necessary in each case may be taken froi^ Table 41, the 
available pressure depends on the special conditions of each installa¬ 
tion and may vary greatly. If the water tank (or well) is at the 
same level as the oondenSer, the whole dxcess of the pressure of the 
atmosphere over the pressure in the condenser is available for drawing 
the water into the condenser. If there is a vacuum in the condenser 
of 700 mm. of mercury, corresponding to a water column ol H = 9'525 
m., then the head of water in this case is also h, = H^ 9'525 m. 
If the water-tank is at the height h* above the condenser, then this 
difference in height is to be added to the vacuum expressed as a 
head of water. The total head is then k, = ff -p k,. H the water 
is at a lower level than the condenser, viz., at the distance k, below it, 
then the pressure of the water is equal to the difference of these 
.heights: k, = JET - k,. The heights k, and h, must always be 
measured from the point where the water enters the condenser. 


(175) 

(176) 
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Table 41. 


The weight of cooling water, W, required to condense 1 kilo, of steam. 


Tempera* 
ture of the 
injected 


Temperature of the waste water, in 

c. 


water, tf 

“0. 

20” 

26" 

30” 

,351 

40" 

45® 

50” 

66” 

60” 


Weight of injected water, in kilos., required for 1 kilo, of steam. 

5 

44-3 

30 

23-8 

19-7 

16-7 

14'5112'7 

11-4 

io-3' 

6 • 

43-2 

31'5 

24’7 

20-5 

17-2 

14’9 

13 

11-6 

10-5 

7 

46-5 

33-3 

25-6 

21-3 

17'8 

15-2 i 13-3 

11-8 

10-7 

8 

50-5 

35-3 

27 

22 

18-3 

16-7 

13-7 

12-13; 10-9 

9 

55 

37-5 

28-3 

23 

18-9 

161 

14 

12-4 

111 

10 

60-5 

40 

29-3 

24 

19-6 

16-4' 

14-4 

12-7 

11-3 

11 

66-2 

42-9 

31'3 

246 

20 

171 

14-8 

13 

11-5 

12 

75'6 

46-2 

33 

25-6 

20-9 

17-0 

151 

13-25 

11-8 

13 

86-4 

50 

35 

26-5 

21-3 

181 

15-4 

13-6 

12 

14 

101. 

55 

87'2 

28'lJ 

22’5 

19 

16 

14 

12-3 

15 

121 

60 

39-6 

295 

23-4 

*19-7 

16-4 

14-25 

12-6 

16 

152 

66 

42-5 

31T 

241 

20 

16-9 

14-6 

12-85 

17 

202 

75 

45-6 

33 

25-4 

20-7 

17-4 

15 

13-15 

18 

303' 

86 

49-6 

34-5 

26'6 

2T5 

18 

15-4 

13-4 

19 

— 

100 

541 

36-5 

27-8 

22'3 

18-5 

16 

13-8 

20 

— 

120 

59-5 

39-5 

'29-3 

23-2 

191 

16-3 

14-1 

21 

— 

150 

65 

421 

30-8 

241 

19-8 

17 

14-5 

•22 

— 

200 

74’4 

45'4 

82-4 

251 

20'6 

17-3 

14-8 

23* 

P 

— 

84-4 

49’5 

34-4 

26-4 

21'3 

17-8 

15-3 

24 

— 

_ 

99-2 

53-6 

365 

27'6 

221 

18-4 

15-7 

25 

_ 

_ 

119 

.50 

88'5 

29-3 

23 

19 

16 

26 

— 

_ 

149 

65-6 

42 

3'0-6 

23’9 

19-6 

16-4 

27 

— 

_ 

— 

74-3 

45 

32-2 

25 

20-5 

17-1 

28 

— 

— 

— 

84-3 

49 

•341 

2614 

20-7 

17-7 

29 

_ 

_ 

_ 

98-3 

53’2 

36-2 

27-4 

21-5 

18-2 

30 

_ 


-- 

147 

58-5 

38'6 

28-75 

22-4 

19-2 

31 

_ 

_ 

_ 

197 

65 

41-4 

30-3 

23-3 

19-5 

32 

— 

_ 

_ 

_ 

73 

44'6 

32 

24-1 

20-2 

33 


— 

ft - 

— 

97'5 

48-3 

33-8 

25-4 

20-5 

34 

_ 

_ 

— 

— 

117 

53 

35-9 

26-7 

21-7 

35 


_ 

_ 

_ 

149 

58 

38-3 

28 

22-6 

36 

__ 

_ 

_ 

_ 

— 

— 

41 

29-4 

23-5 

37 

_ 

_ 

_ 

_ 


— 

44-2 

31-1 

24-6 

88 

— 

_ 

_ 

— 


— 

48 

83 

25-7 

89 

_ 

.r— 

_ 

— 

— 

— 

52-5 

35 

27 

40 

— 

T- 


— 

i 


57-5 

37-3 

28-3 , 
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If it is desired to avoid forcing the water into the condenser by 
means of a pump, *the apparatus must never be arranged ’so that 
H = hi, for i certain excess of pressure is required to overcome 
the resistance to the movbment of the water and to give the water 
a definite velocity. This excess of head shoufd never be made lass 
than 3 m., and more would be better. 

The dimensions of the water supply pipe for the different oases are 
to be found in Chapter XVIIl. and Table 36. 


4. The Waste-Water Pipe (Fall-Pipe) of the Dry Gpndenser (Pig. 16). 

The fall-pipe of tfie dry condenser is used to conduct away 
continuously the condensed steam and the Aater used to condense it. 
Since there is a more or less complete vacuum in the condenser, 
the pressure of the external atmosphere will keep the water in the 
fall-pipe at a corresponding height, just as it supports the mercury 
in the barometer. ■ * • • 

The pressure of the atmosphere is equal to that of a column of 
water 10'336 m. high at its maximum density, i.e., at 4° C.; it is 
1'0336 kilo, per sq. cm. Since, however, there is never a complete 
vacuum in the couuenser, the height at which the column of waste 
water is kept by the atmosphere is always less. If b be the vacuum 
in the condenser measured in mm. of mercury, and the temperature 
of the water 4° 0., then the height of the column of water in the &11-* 
pipe is, in metres, 


E 10'336^.(177) 

Now the waste water is always somewhat warmer than 4° 0., 
hence its specific gravity is less and its volume greater; the column 
of water must accordingly be higher in proportion. 

According to Volkmann (1881), the volume of water V„, when it 
is unity at 4° C., is:— 

At 4° 30° 40° 50° 60° 70° 0. 

F. = 1-0 1'00425 1007700 101197 101694 102261 

At 80° 100° C. 

F, = 102891 104323 
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Table 42. 


The height of the water barometer at vaqna of 570-750 

r I 


Vacuum, mm. mercury. 

Temperature ®C. - • • • , • 

Water barometer, mm. at 4'* C.- 
Water volumes at above temperatures 

Water barometer, mm., at above temperatures • 

570 

65 

7793 

101960 

7945 

611 

60 

8310 

1-01695 

.8450 

642 

55 

8734 

101441 

8856 

, The velocity of fall ol the water, 

Dmt, and the quantity 

Diameter of the pipe, mm. 

- - 

100 

125 

150 

c 

The head, h = OlO m. 

The length of the fall-pipe, 1 = 





10117 -P 100 + 500 - 10717 mm. 

F= 

17-8 

29-3 

44-2 

. . 

#1 . * 

The head, h = 0'20 m. - - ] = 

The length of the fall-pipe, 1 = f 

10117 -P 200 4-500=10817 mm. •’ W= 




25-2 

40-8 

... 

62-65 

The head, h = 0'30 m. 

The length of the fall-pipe, 1 = 




1-21 

],0117 + 300 + 500-10917 mm. 

t * 

F= 


48-2 

76-9 

The head, h = 0'40 m. 

The length of the fall-pipe, f = 

1’- 

1-26 

i. 

1-33 


10117-p 400-p 500 = 11017 mm. 

F= 


58-5 

89-1 

The height of the water barometer, H = 10-117 


Thus the height of the column of water when at rest is, more 
accurately, for each vacuum and each temperature, 

H = 10-336^qF, = 0013657. .... (178), 


Now the fall-pipe must convey a certain quantity of water in 
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Table 42. 


mm. of mercury and at the corresponding temperatures. 


66H 

50 

mo 

1*011877 

9184 

705 

40 

9592 

1*(X)7G27 

9005 

718 

36 

9768 

1*00593 

8817 

728 

30 

9ilO-2 

1-00125 

9944 

736 

25 

*10016 

1-00300 

10046 

742 

20 

10100 

1-00173 

10117 

750 

10 

10212 

1-00090 

10212 


of water, W, flowing away, in eub, m. por hour. 


• 


175 

200 

225 

• 

250 

.300 

350 

400 

450 

0-70 

0-74 

ff-75 

0-761 

0-785 

* 0-81 

0-81 

0-815 

60-5 

83*7 

103-5 

134-4 

199-5 

280-5 

366-2 

466-5 

100 

1-04 

1-06 

• 

1-08 

1-11 

1-13 

*1-14 

1-15 

8G-4 

117-5 

145-0 

190-8 

282-2 

391-3 

575-4 

658-8 

1-2.5 

1-28 

1-30 

1-32 

1-36 

1-38 

1-40 

1-41 

108-0 

144-3 

177-8 

234-1 

355-9 

477-9 

633-0 

807-0 







« 


1-44 

1-47 

1-50 

1-53 

1-57 

1-59 

1-61 

1-63 



* 


• 




124-4 

166-2 

205-2 

270-3 

• 

399-0 

552-4 

727-9 

933-0 

m. ; the addition for safety, 5 = 

- 0*5 m. 






unit time, therefore the water must attain a certain velocity of fall, 
which can only be imparted to it by a certain head, h. 

This head, h, is that column of water, by,which the' water must 
stand higher in the fall-pipe than the difference between the external 
atmospheric pressure and the absolute pressure in the condenser. 
It is designed in the first place to overcome the resistances ottered 
to the downward flow of the water, and, in the second, to impart 
the necessary velocity to the water. 
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If this head of water, h, be assumed for a definite oase, the 
velocity of the fall of the water, and hence &e quantity of water, 
which flows through a pipe of knpwn section iq a certain time, are 
found from well-known formul® [Chapter XVIII., Equation (162)]. 
Or, inversely, a certain velocity of fall may be required, and the 
head, h, necessary to create this' velocity may be calculated; since 
we have adopted the plan of always calculating the efficiency of 
apparatus of known dimensions, the former course is taken here. 

« 

Let (compare Fig. 16) 

H = the "height of the water m, the fall-pipe maintained by 
the vacuum, 

h = the head of pressure, then H i- h s'the length of pipe tra¬ 
versed by.the water in metres^ i.e., the theoretical 
height of the fall-pipe, 

i'„ = the velocity of tall of the water in m. per sec., 

d = the diameter of the pipe in m., 

= the cqgtfioient for the resistance of the water on entering 
the fall-pipe =. 0'505 (see p. 180), 

X = the coefficient for the friction of the water against the walls 
of the pipe (see p. 180), 
then'the following equation holds good;— 

=‘ - .(179) 

S -p" h, the feugth of the pipe traversed by the water, we may 
assume for purposes of calculation, with a slight error, to be always 
10 m., we may then, by inserting various *valuea for h, determine 
the resulting velocity of fall, r„ for all diameters of the pipe, d, to be 
considered. 

In Table 42 may be found the velocities of fall calculated from 
equation (179), and thence the quantities of water flowing in one 
hour through the 'fall-pipe, for pipes of diameter d = 100-450 mm., 
and for heads, h, of 0'100-0'400 m. 

The waste water thus always stands in the pipe at the height E + h 
above the lower level of the water. However, this position of the water 
, is not steady, but rises and falls in consequence of slight variations 
in the vacuum and in the water supply. Safety also demands that 
there shall be a certain space, s, above the water in the pipe, so that 
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jtte water may never collect in the condenser. Thus the fall-pipe 
“nrast have at least the height, I = H + h + s. The length, s, may 
be chosen as debited; jt has been taljen as 0’5 m. 

With these assumptions there are given in Table 42, for various 
degrees of vacuum, pressure heads and diameters of pipe, the lengths 
of the fall-pipe, I, and the quantities 6f waste water, W, per hour. If 
the length of the waste pipe be increased its diameter may be decreased, 
and vice versd. In making the choice of a diameter of pipe for a 
definite quantity of waste water, a high vacuum (750 mm.) in the 
condenser will naturally be assumed. 

The mean atmospheric presSure at the level of the sea is 760 mm. 
of mercury. At inland places, which always lie higher, it is less, but 
may there even reach 780 mm. 

The vacuum in thd condenser will rarely be higher than 740 mm., 
but it would be.well to calculate for a vacuum of at least 750 mm. 

In order to facilitate the entry of water into the fall-pipe, it should 
commence with a conical portion connected to the convex (downwards) 
bottom of the condenser. The angle enclosed by the sfees of the cone 
should be 30°. 


5. The Distribution of the Water in the Condenser. 

After determining the weight of water required to condense a 
definite weight of sieam, it is necessary to calculate the dimensions 
of the appliances tor distributing the water in the condenser. 

There are two priifoipal methods used for distributing the water;— 

(a) The production o^ a falling sheqj (veil) of water by overflow 
over a straight or circular edge (sill). 

(b) The production of water jets or drops by means of flat plates,.' 
provided with a rim and perforated by holes, by means of perforated 
pipes, roses, etc. 

(a) Overflows .—The following equation may be used to determine- 
the quantity of water which passes over an overflow in one hour:— 

F = 8600 X 1000. . .. (180)- 

in which 

W = the quantity of water flowing over in litres per hour, 

/* = a coefficient of contraction, which we shall take as 0'6, 
excluding the not very considerable alterations due to 
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shape and inolination of the edge by selecting an « 
' average section, 
g - acceleration of gravity ^ 9'81 m., 
h = the head in metres, 
b = the width hf the overflow (sill) in metres. 

If the constants in equation (180) be replaced by their numerical 
values we obtain 

F= 6,400,000 A n/W (approx.) . . . . (18!) 

By means of this equatfon the necessary dimensions may be 
<!alculate4 fot any case, but in order to avoid this calculation the 
quantities of water, W, in cub. m. per hour which pass over sills of 
■b = 0’5-5 m. in width, with heads, h, of 0'005-0’050 m., are given 
in Table 43. . 



Exmnple.—It the width of the edge of the overflow (i.e., the length of the 
-sill) he i S m., the head h ^ O'OSO m., then the quantity of water flowing pet 

tour ie _ 

W = 6,400,000 X 3 X 84,200 litres. 

(A) Sieves .—^The quantity of water, in litres, which flows in one 
hour through a hole o{ diameter d decimetres in the bottom of a 
vessel, in which the water stands at the constant height, h, without 
regard to all the contractions which diminish the rate of flow, is 

_ 

W = 10-j- J2gh 3600 litres 


( 182 ) 
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Table 43. 

The quantity of wE^er, in cub. m., which flows in one hour twer 


sills 0'5-5 m. wide, with heads of 6-50 mm, 

* a • 


Width of 
overflow, 

6. 

Head, h, in mm. ^ 

1 • 

5 10 15 1 20 25 30 40 50 

1 

m. 

Quantity of water flowing over, in cub. m. per hour. 


1-1 3-2 6-3 ■ 9 0 12-6 16-& 25-c' 35 6 


1'3 3-8 7-6 10-8 15-2 19-9 30-7 427 

0-7 

1-5 4'4 ‘ 8-8 127 177 23-2 35-8 49-8 

0-8 

17 5-2 10-1 14-6 20-3 • 26-6 41-0 670 

O-'J 

2-0 57 11-4 16-3 22-8 29-9 46-1 64'1 

1-0 

2-2 6’4 12-6 1 18-1 25-3 33-2 51-2 71’2 

1-1 

2-4 7-0 13 9 19-9 279 36-6 56-3 78-4 

1-2 

2-6 7'6 15-2 217 30-4 39-9 61-5 8.5-5 

1-3 

2-9 8-3 16-1 23-6 32-9 43-2 » 66-7 92-6 

1-4 

3-1 8-9 17-7 25-4 35-5 46-5 71-7 ; 987 

l-,6 

3-3 9-6 19-0 27-2 38-0 49-8 76-8 ' 106-9 

1-0 

3-5 10-6 20-2 29-0 40-6 | 53-2 82-0 1 114-0 

1-7 

3-7 10-8 21-5 30-8 43-1 56-5 . 87-1 i 121-1 

1-8 

4-0 11-6 22-8 32-6 45-6 59-8 92-2 128-3 

1-9 

4-2 12-1 24-0 34-4 48-2 63-1 97-4 : 135-4 

2-0 

4-4 12-8 25-3 36-2 50-7 66-5 102-5 . 142 5 

2'1 

4-6 13-4 26-6 38-1 53-2 698 107-6 1496 

2-2 

4-9 14-1 27-8 39-9 55-8 73-1 112-7 |,166-'8 

2-3 

5-1 147 29-1 417 58-3 76-5 117-9 : 163-9 

2-4 

5-3 15-3 30-4 43-5 60 9 79-8 123-0 . 171-0 

2-5 

5-5 16-0 •31-6 4.5-S -63-4 82-5 128-1 I 178-2 

2-6 

5-8 16-6 32-9 47-1 65-9 85-2 133-3 1 185-3 

2-7 

6-0 17-3 34-2 48-1 68-5 89-2 138-4 ' 191-4 

2-8 

6-2 17-9 36-4 49-2 710 93-1 143-5 199-5 

2-9 

6-4 18-5 36-7 52-6 73-6 96-4 148-6 ! 206-7 

30 

6-6 19-2 38-0 54-2 76-1 99-7 153 7 ; 213-8 

31 

6-9 20-1 39-2 56-2 78-6 103-1 158-9 ! 220-9 

3’2 

7-1 21-0 40-5 58-0 81-2 106-4 164-0 ' 228-0 

33 

7-3 21-1 42-6 59-8 83-7 109-7 16.9-1 i 235 2 

3-4 

7-5 21-6 43-0 60-8 86-2 113-0 174-2 i 242-3 

3-5 

7-8 22-4 44-3 63-5 88-8 116-4 179-4 j 249-4 

3-6 

8-0 23-0 45-6 66-3 91-3 119-7 184-5 ! 256-6 

3-7 

8-2 23-7 46-8 67-1 98-9 123-0 189-6 ; 263-7 

i 
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Table 43— (continued). 


>_L 


Width of 
overflow, 

6. 

m. 

Head, h. in mm. * 

5 

lo 

15 

20 

25 

30 

40 

50 

Quantity of water flowing over, in cub. m. per hour. 

3-8 

8'4 

24-3 

481 

68*9 

96-4 

126-3 

194-8 

270-8 

3'9 . 

8-7 

24-9 

49-4 

70-7 

98-9 

129-6 

199-9 

277-9 

4'0 

8-9 

25-6 

60(5 

72'5 

■ 101'5 

133-0 

205-0 

285-1 

4] 

91 

2G-2 

51-9 

74-3 

1040 

136-3 

210-1 

292-2 

4'2 

9-3 

26'9 

63’2 

76'2 

106’5' 

139-6 

215-3 

299-3 

4';i 

9-5 

27-5 

‘ 54-4 

78-0 

1091 

143-0 

220-4 

306-5 

4-4 

9-8 

281 

50-7 

79-8 

11T6 

146-3 

225-5 

313-6 

4-5 

100 

28-8 

57-0 

81-6 

1141 

149-6 

230-6 

320-7 

4-6 

10'2 

291 

58-2 

83-4 

116-7 

153-0 

235-8 

327-8 

4-7 

10-4 

301 

59-5 

85-2 

119-2 

156-3 

240-9 

335-0 

4'8 

10*7 

30-7 

60-8 

87'D 

121-8 

159-6 

246-0 

342-1 

4-9 

109 

31-3 

621 

88’9 

124-3 

162-3 

251-1 

348-2 

5-0 

111 

32'0 

63-3 

90-7 

126-9 

165-1 

256-3 

356-4 


This theoretical amouat of flow is, however, diminished by the 
shape of the opening, the form of the edges of the orifice, the < 
roijghness of the walls of the hole and the thickness of the bottom, to 
such aa extent that in reality only a fraction of the theoretical quantity 
of water can flow through the hole. The holes to be considered here 
are such aa are bored without Any great oars in the sieve-plate. The 
amount of flow is also affected in high degree by the violent motion in 
which the water is kept, before its escape, br/ the supply of fresh water 
falling into the sieve. 

Thus since it cannot be assumed that the quantities of water, even 
when calculated by well-known tormulse with regard to the contractions, 
are realised in practice, we have determined by direct observation the 
quantities of water which flow through holes of 3, 4, 6, 6, 7 and 8 
mm. in diameter from vessels which are kept constantly filled with 
water to heights of 10,15, 30, 40, 50 and 200 mm. It was found- 
that the real amounts of flow were very different in each case from 
those calculated without regard to all the disturbing influences—to 
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Table 44. 

(a) The volume of witer, in litres, which runs from a sprinklef in one 
hour tjaough holes 2-10 mm. in diameter, with the water at 
heights of h = 10^200 mm. (Taken at 15 per cent, less than 
the calculated.) 

{6) The number of holes of 2-10 mm. diameter required to pass 4-300 
■ cub. m. of water per hour, when h =» 10 mm. 


Diameter of the holes in mm. 


(o) The volhme of water, in iitres, llowing through one hole 
in one hour. 


4-:5 9 

6-2 11 

7- 46 16 

8- 5 18 

9- 67 24 


17 

27 

38 

52 

68 

86 

20 

411 

47 

64 

83 

105 

29 

45 

65 

87 

100 

149 

34 

53 

77 

104 

136 

172 

38 

59 

86 

120 

153 

196 

76 

119 

171 

227 

300 

402 

1 


(t) Ihe necessary number of holes, ii, when the water stands 
at the height, h = 10 mm. , * 


423 

236 

150 

, 105 

77 

59 

46 

634 

353 

226 

157 

115 

88 

70 

846 

. 470 

301 

210 

154 

118 

93 

1057 

588 

376 

262 

192 

147 

116 

1585 

882 

564 

393 

289 

220 

175 

2214 

1176 

752 

524 

382 

294 

232 

2643 

1470 

940 

655 

48L 

367 

291 

3171 

1764 

1126 

786 

576 

441 

348 

8699 

2058 

1316 

917 

672 

514 

406 

4228 

2352 

1504 

1048 

768 

588 

464 

6285 

2940 

1880 

1309 

962 

734 

582 

6342 

3528 

2266 

1572 

1152 

. 882 

696 

7399 

4116 

2632 

1834 

1344 

1029 

812 
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Table ii—(continued). 


A_• 


■ 

Diameteji of the holes in mm. f 

ES9 

U 



H 

6 

B 

8 

9 






















(6) The necessary number of holes, n, when the water stands 




at the height, h — 10 mm. 




cub. m. 










80 

16840 

8456 

4704 

3008 

2096 

1536 

1176 

928 

752 

90 

18947 

9513 

10570 

5292 

3384 

2357 

1730 

1322 

1046 

848 

100 

21053 

5880 

3759 

2618 

1923 

1468 

1163 

943 

125 

26362 

13212 

7350 

4699 

3272 

2404 

1832 

1454 

1179 

150 

31580 

158.50 

6820 

5639 

3927 

2865 

2202 

1745 

1415 

175 

36889 

18497 

10290 

6579 

4581 

3366 

2566 

2036 

1651 

200 

42106 

21140 

11760 

7518 

5236 

3846 

2936 

2326 

1886 

225 

47415 

23782 

13230 

8458 

.5890 

4327 

3300 

2617 

2122 

250 

52733 

26425 

14700 

9398 

6545 

4808 

3670 

2908 

2358 

275 

57942. 

29062 

16170 

10338 

7199 

4289 

4034 

3199 

2594 

300 

63160 

31710 

17640 

11278 

7954 

,5770 

4404 

3490 

2830 


such 'an extent, that they were 1-30 per cent. less. The mean 
difference in the flow from that calculated mihoui regard to the 
contraction was 8’3 per cent. less. 

In Table 44 are given the probable amounts of flow, as shown by 
the 'experiments, .through holes of 2-10 mm. diameter in one hour, 
when the water stands upon the sieve at heights of 10-200 mm. 

Since it is always known how much water per hour is to be 
sprayed into the condenser, the number of holes required in the 
sieve can be at once calculated by the aid ^of this table. The sieve 
naturally passes the more water, the greater the height at which it 
stands on the sieve, so that the height of the water itself regulates 
the varying suppliers of water required in working every condenser. 

Table 44 also gives the number of holes, n, of 2-10 mm. diameter, 
necessary to transmit 4-300 cub m. of water per hour, when the water 
stands at a height of 10 dim. If the water stands at any other height, 
in metres, the necessary number of holes in the aeve is then 

VOliiO 0-1 n 


n. = n- 


. (183) 
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Accordingly, if n holea are necessary to pass a certain Tolume of 
water, when the height of the water is 10 mm , the number of^oles, 
required to- pass the same quantity of water, when it stands at 
some other height, h* is • 

h, = 15 30 40 50 ' 200 mm. 

n, = 0'82» 0’58» C-5» 0’447« 0'224» 


6. The Diameter of the Steam Pipe. 


The weifjht of steam, D, to be condensed in a certain lime is known 
in each case, as also the desirdd vacuum. The diameter of the pipe- 
convoying the steam can therefore be found from Table 32 (Chapter 
XVII.). It is there assumed, in calculating Jho bore of the pipe, that 
it is 20 m. long, and* that the loss of pressure is 0'5 per cent. If the 
pipe leading from the evaporator to the ooudenser has another length, 
4, the weight of steam passing with 0'5 per cent, loss of pressure is 


obtained by multiplying that given in Table 32 



If a greater 


loss of pressure is allowed in order that a narrower pipe may be used, 
the weight of steam passing through the pipe with per cent. Iqss of 

pressure is obtained by multiplying that given in Table 32 by 



For another I'-ngih, l„, and another loss of pres-sure, the weight ' 
of steam passing through the pipe in one hour is obtained by multi- 

, « 

plying the weight in Table 32 by 



Example ,—Through a pipe 20 m. long and ^X) mm, in diameter, at a vacuum 
of 750 mm., and with 0-6 per oSnt. loss of pressure, 124 kilos, of steam pass in one 
hour. Through a similar pipe, f, = 30 m. long, and with 6 per cent, loss oi 
pressure allowed, pass 

D = 124^^^* „ 124-^1— - 818-47 kilos, ol steam. 


7. The Diameter of the Air’Pipe. 

The diameter of the pipe leading from the condenser to the air- 
pump is determined by the hourly weight of air to be exhausted, which 
we assume (somewhat extravagantly, see Chapter XXIII.) to be 0-26 

15 
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kilo, per 1000 kilos, of injected water. Table 35 gives the weight of 
air pLssed through pipes of various diameters, 20 m. long, with 0 5 
per cent, loss of pressure, in one hour. For any othe: length, and 
another loss of pressure, the weights given m Table 35 are to be 

multiplied by iu order to obtain the weights of air conveyed 
under these conditions. 


8. The Heating of the Injected Water. 

The ihjected water is heated through the medium of its surface by 
the steam, with which it comes into direct contact. The greater the 
surface of a quantity of water in proportion to its volume, the more 
rapidly will it bo heated by the surrounding steam. With regard to 
this point, the division of the water in the jet-condenser may be effected 
in four different ways:— 

The cooling water may flow over surfaces across which passes the 
st&m to be condensed. 

It may fali down in plane or curved sheets, which are in contact 
with the steam on both sides. 

It may falj in jets into the steam in the condenser. 

It may be sprinkled ipto the condenser in the form of drops. 

The ratio of the surface of the water to its volume depends on the 
thickness of the sheets of flowing or falling water and on the diameter 
of the jets or drops. The following short Table 45 has been arranged 
in order to form an idea of these conditions. The ratio is given of the 
surface (o) in sq. mm. to the volume in cub. mm. (i) for thicknesses (3) 
or diameters (8) of 2-10 mm. 

Of the conditions considered here, assumed by the water in the 

condenser, the ratio of the surface to the volume is the least in 

the case of water-flowing over surfaces and the greatest in the case 
of spherical drops. Thus water divided into drops will ceteris paribus 
most rapidly acquire the temperature of the surrounding steam in a 
condenser. Eegarded from this point of view, it would be best to 
spray the water into the condenser in the smallest drops possible; but 
this is not easily effected, since it is difficult to divide water up into 
uniform drops. 
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Table 46. 


The surface and volume and their ratio, of flowing and falling 
t sbetts, jets and dreps of water. 
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All methods of distributing water are employed in condensers; 
thus 'it is important to consider each, and to tee what time each re¬ 
quires in order that the injected water may be heated^om its original 
low temperature to the desired higher temperalure. 

In moat cases heat is transferred to liquids by means of movements, 
circulations and currents, naturally or artificially produced in them; 
but in this case, in which the water falls free, such movements cannot 
be assumed, since, apart from the friction exerted by'the steam on its 
surface, and the motions due to the vibrating opening of the orifices, 
only gravity acts upon the particles of water. This force, on account 
of the c(}mplete uniformity of its action on all parts, cannot cause 
internal movements. Thus the heat is transferred from the exterior 
to the interior of the masses of water principally by conduction. 

The conductivity of ‘water for heat is very low. According to 
several concordant researches its coefficient, A = 0'093 gram-calories 
(i.e., per 1 sq. cm., 1 minute, 10 mm. thickness of the water layer and 
1° C. difference in temperature on the two sides of the mass of water) or 

, 0-093 X T0,000 X 10 i j 

A - TTK —Itka -- = 0155 oalones {*.e., per 1 sq. m., 1 second 

GO X 1000 

1 mm. thickness and 1" difference in temperature); or in other words, 
through a layer of water 1 sq. m. in surface and 1 mm. thick, the two 
surfaces of which are kept constantly at a difference in temperature of 
r C., 0-155 calories pass in 1 second. 

It will further be assumed that the quantity of heat passing 
through a layer of water in the condition of equilibrium is directly 
proportional to the section {Q in sq. m.), the time (;r, in seconds), the 
constant difference of temperature (6, in °0.), and inversely pro¬ 
portional to the thickness of the layer of water to be penetrated {q in 
mm.). Thus in the condition of equilibrium, 

C calories.(184) 

q 

However, in warming water, which is falling in a condenser in the 
form of sheets, jets or drops, we have not to do with a condition of 
equilibrium, but with the initial period of the heating, in which the 
heat penetrates the water from outside by conduction. In this period 
it is true that the temperature difference between the steam and the 
last layer just reached by the heat wave is constant = but the 
resistance, which the thickness of the sheet of water opposes to th» 
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penetration of the heat, is zero at the oommenoement of the heating 
{at the surface) and inereases with the depth, ij, to which the halt has 
penetrated. Ti o thickness of the sheet of water is on the average 

only ^ The quantity of heat, which all the more or less heated 

layers together have taken up, is eqval to the weight of these layers 
multiiJied by the average increase in temperature of all layers (if 

V, = 1 ). 

The equation for the initial period of the heating has thus the 
following form:— 


Q 


1 

2 


U85) 


Now the heat does not advance from the surface into the interior 
in such a manner that the thin layer first in contact with the steam 
<iompletely acquires its temperature, and then a second, third, etc., 
acquire the same temperature. The process is that* the layer of 
■contact first acquires a small increase in temperature, which gradually 
rises, but during this rise in temperature the first layer- is already 
communicating heat to the second, this to the third, and so on. 
Whilst the heat advances in succession from one layer to the following 
colder layers, the " heady heated layers are Becoming hotter and hotter 
at the same time. The law is: Jis the distance from the surface of 
contact (between the two substances which are becoming equal ,in 
temperature) increases in arithmetical progression, the temperature 
decreases in geonHrkc^ progression. 

The decrease in temperature from layer to* layer follows the same 
law as the decrease in the temperature difference from moment to 
moment in heating by steam, as explained in Chapter I. 

At the oommenoement of heating water by conduction, after the 
layer of contact has almost attained the temperature of the steam, the 
temperatures of the following layers increase at first rapidly, then very 
slowly. 

The average me in temperature of the niass of the water at the 
commencement of heating may be determine, as in Chapter I., by 
equation (8), but it may also be found in a finite manner, with tolerable 
accuracy, just as the mean temperature difference was there found. 

If the whole difference in temperature between steam and water 
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at first be then, after a certain time, when the heat has penetrated 
the ^^ter to some distance, and assuming ttfat the sections of the 

layers remain of equal size, the djfferenoe in temperate 

« 

Between the steam and the first layer = x$,. 

„ first and second layers =• x{6J-x6„) = x6^(l - x). 

„ second and third layers = x{(fi^ - xffj - xff^(l - x)}. 

= - x)K 

„ last but one and the 

' last layer - xff„(l - x)"~\ 


If, as in Chapter I., we represent by the difference in tempera¬ 
ture between the last, or »th, layer, which is just warmed, and the 
first layer, which is not warmed at all, then from the above considera¬ 
tions, just as before, ‘ 


X = 1 ~ 



( 186 ) 


We may now, just as before with the differenees in temperature, 
sum the increases in temperature of the single layers, and divide by the 
number of layers, in order to obtain the average increase in temperature. 
The increases in temperature of the single layers are:— 


Of the first layer - 
„ second layer 
„ third „ 

„ «th „ 


«». 

• e. - = d.(l - x). 

e.(l - x)K 
9.(1 - xY-\ 


The'sum 

S, - (1 - ®) + (1 - ®)> + (1 - »)* + . ■ • + (1 - *)’"'!• 

Thus the mean inore’’ase in'temperature ot the water is 


■■ 



. . (187) 


If we now express, as before, 9, as a fraction of 9„ then / is always 

"ft 


a proper friction. The value of must, in fact, with an infinite 

number of layers, almost become zero. We assume its value, on 
account of the finite nature of our calculation, as in Chapter I., to be 
0*01 =« 1 per .cent. The inaccuracy is not of much importance. 
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The average, or mean, increase in temperature, of the 100 
ideal parallel and equ^l layers in the sheet of water is, assuming that 
the whole difference in temperature at the beginning is B, and at the 
end is 9> = O'OWj, acaording to Table 1, t,„ = 0-215tf„. 

The quantity of heat which the water ha” absorbed, when it is 
heated to the depth, ri, in mm., is therefore 

C = 0’215^„§,.(188) 

Now, in order to obtain an expression for the time, z„ during 
which the quantity of heat, C, has penetrated through the surface (or 
section), Q, at the constant difference in temperature, B^ into a sheet 
of water to the depth, r;, the expressions (185) and (188) are put equal 
to one another. We obtain 


•2g\A = 0-2159„g,.(189) 

* 2Ar, == 0-215>)‘'‘; 
or, since A = 0'155, 

A, = 0-69 V.(190) 


*"" ’'-Vo-Ij. 

Equation (190) gives the time, r„ in seconds, in which a sheet of 
water, tj mm. thick, iieated by steam on one side, acquires the 
temperature of the steam on the heated side and i? just beginning 
to get warmer on the other side. 

From equation (191) the thickness, r), of the sheet which is heated in 
this manner in the time, z„ may be calculated. It is seen very plainly * 
from equations (190) and (191) that the steam rapidly heats the 
external layers of* the water with which it is in contact, and that the 
heat then proceeds only slowly (at a npeed inyorsely as the square of 
the thickness) into the interior of the body of water. 

The principal quantity, of heat, which is conducted in a definite 
time into the water, remains in and near the outer layers. Little 
heat is transmitted to the interior, and this little only after the lapse 
of time. 

From these considerations follow the conditions lor a rapid heating 
of water to a high temperature by direct contact with steam :_ 

1. The surface of the water must be very great. 

2. The surface must rapidly change. 

3. The period of contact between steam and water must be as long 

as possible. 
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In order to express these statements preoisely in figures, Table 46 
is added. It gives the depth in mm. to which t|ie heat penetrates in 
OT-l'J*seconds into a sheet of water in contact with steam on one 
side, the number of calories which are taken upr in this time, and to 
what fraction of the total difference in temperature, the total 
quantity of water, 1-7 mm. thick, would be heated if thfi heat were 
supposed to be uniformly distribdted throughout. These values are 
given for sheets, jets and spheres. 

It is clearly seen from Table 46, that the quantity of heat which 
enters in no way increases proportionately with the time, but that 
much more beat is taken up by the water at the first contact than 
iater. 

If the heat has entered a sheet of water from one surface and has 
warmed it (decreasingly),only to the depth r], of the whole thickness, 
8, then, as we have seen, the quantity of heat which has entered is 
as great as if the volume, Qi;, of a portion of the sheet had received the 
increase in temperature, 0'21.59„, or as if the wMe sheet of thick¬ 
ness, 8, had attained the increase in .temperature of 


t,,-=’l'215d.in“C.(192) 


Id a jet (cylinder) of diameter, 8, which is heated from its surface, 
the heat spreads as in a sheet. But since the volumes of the 
cylindrical layers decrease from outside inwards, and also the 
temperatures of the layers, wo obtain the following equation, if tc, be 
the'hypothetical increase in temperature of the whole jot;—■ 


or 


j,„ = ?^-0'215(9.,(8-2x0'2,)T! . . 
mffMS - 0 - 4 d ) 


(193) 

(194) 


In drops (spheres) something similar takes place. The average 
increase in temperature, is found by multiplying the volume of 
the heated hollow sphere by its mean increase in temperature and 
dividing by the volume of the whole drop. The volume heated is 
equal to the. thickness of the heated hollow sphere multiplied by 
the central surface of that sphere. 

trt y -0'215e,,j(8 - 2 X O-Srty'hr 


(195) 
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= 6 X 0-215fl.r;{8 - 2 X 0-2ij)'^ 

.#( 196 ) 

Table 46 gives, in*ooluran 3, the depth, tj, to which, according to 
equation (191), the heat would penetrate in z, = 0'1-1'2 seconds into 
a sheet of water warmed on one sid?, and in column 4 the quantity of 
heat ia calories which enters in this time through 1 sq. m. of the water 
surface with a temperature difference of 6^ - 1° C. Columns 6-12 
give, for sheets of water, jets and drops of 8 = 1-7 mm. thickness or 
diameter respectively, the mean increase in temperature of the whole 
mass in the times given, for each 1° difference in temperature. 

It is clearly seen from this Table 46 that the greatest transference 
of heat takes place at thb moment of contact of water and steam, and 
that it then becomes much slower, since the'difficulty experienced by 
the heat in entering the water increases with the depth. 

It is not maintained that this method of consideration, and the 
conclusions drawn therefrom, lead to infallible figures to be at once 
applied in construction. They appear, however, to»approach very 
nearly to the truth and to give very valuable indications. 

9. The Volumes occupied by 1 kilo, of Air at Various Pressures 
below 1 Almspherc and at Various Temperatures. * 

In determining the dimensions of condenser and air-pump, it is 
necessary to know the volume occupied by 1 kilo, of air' under 
diminished pressure and at various temperatures. Table 47 fives' 
these volumes for most ordinary cases. It has been calculated in the 
following mann*:— 

Let y, = the w6ight«of 1 cub. m. of„air injcilos., 
a, = the volume of 1 kilo, of air in cub. m., 
t, = the temperatare of the air in “ 0., 

T = the absolute temperature, 

in which a is the coefficient of expansion of air. 
According to Dronke, for air under very low pres¬ 
sures i = 274‘6. Therefore T = 274'6 + t„ 

p =• the mean atmospheric pressure => 10,336 kilos, per sq. m., 
whan the barometer stands at 760 mm., 
i? -= a constant, which for air is 29’27. 
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Table 46. 


The heating of sheets, jets and drops of water % direct contact with 
steam. 

The depth, ij, to which the heat pehetrates jin thef timef z, (column 3). 

The fraction of the oijginal difference in temperature, through which 
the whole mass of the water is warmed in the times, z, = O'l-l’S 
seconds {KSa for 6a - 1). 
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Table 4ti— [conlinued). 


1.a 

’S "d 


0'60| 


W.S 

h 

mm 


! is-a 

? s . 

a tj 

BS £ ® 

l^ill 

MU 


1700 


0-70j2103 1-0 


0-80 31391 1-070 


0-90; 

TO 

1-1 

1-2 


V 

mm. 


'aw 


I CB ^ 

a, 5^0 
A ^ 

.2 fh wo 

ifM 

nu 


(Calories. | 


0-930 


.3971j 1-41 

I 

4905! 1-20 

5935; 1-26 
6953 ! 1-315 


0-200 

0-217 

0-231 

0-245 

0-259 

0-271 

■ 4 

0-283* 


S .9, 

« - 0 

CO-sT 


D 


0-200 
0-217|(: 


D 


*9. 


D 


D 


D 

S 

J 

D 

S 

J 

\> I> 


I 


Tlycknesa or diameter, S, in mm., ol the 
sheets, jets or drops. 


2 

3 

4 

5 

6 


Mean increase in temperature, tm, ol the 
mass of water for f, = I. 


0-100'0-067;0-050 

O-325IO-23.3O-I82 

0-396-0-308!o-244 


>109 0*073' 

|0-3440-248| 

0-4120-314 


IO-llG.O-077! 
0-2631 


0-123 


1 


0-1291 


p-338 
p-082 

|0-2770-21(l!0- 

|0-3.51|0-286:0- 

p-086;0-065 


|0-29o!o-227| 


p-136 


10-142 


0-055 

0-194 

0-259 

0-0.58 


)-040|0-034 0-029 
-150|0-125 0-108 
-2000-1760-143 

-04410-037;0-031 

0-116 


0 
0 
0 

0 

0-1580-134; 
0 - 212 | 0 - 1880 - 162 | 


p-046i0-0390-03a 


0-1990-170 
223 

0-062i0-0i9 
-177 

234 

052 

,_,.190 

p-36l!0-299'0-246 


0-090,0-068 0-( 
0-3040-2400-1 
0-374:0-306i0-: 
0.0910-0710-( 
0-3110-2450-S 


05' 
199 
254 
057 
201 

10-3840-3140-2631 


0-140O-123 

0-1990-161 

0-0410-036 

0-1510-135 

0-2100-170 

0-043:0-037 
i0-160|0-137 
0-2190-178 
« 

3|0-039 
0-147 
0-187 


i4Q:04o 
0-170 
10-228 
10-0460-0411 
|0-171|0-150| 
0-2360-193 


Then the law is 


rp — li 


.(197) 

The volume ot 1 kilo, of air at the pressure, p, and the tempera¬ 
ture, ti, is therefore 

1 _ 29-27(274-6 + t,) 


V 


(198) 
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Table 47. 

The f ilumes, in cub m., of 1 kilo, of air, at aBsolute pressures of 6 = 

temperatures 


Temperature | 

t 

Vacuum. 

757-asi 

755 

753 

750 


745 

743 

740 

735 

7.-10 

-725 

• 

Absolute pressure, b. 

2 61 


B 

10 

12 

15 

17 

20 

25 


.35 

1 

Volumes, a*, in cub m , of 1 kilo', of air. 

1 

1 

170-35 

174-46 

178-68 

182-69 

186-81 

190-93 

195-04 

199-16 

203-27 

207-39 

211-,51 

215-63 

1 

1 

1 

1 

1 





1 


- -r 


When the barometer is at b mm. of mercpjry, the absolute pressure 
■on 1 sq. m. is 


10,3366 

760 


(199) 


Thus the volume of 1 kilo, of air is 


, 21.5(274'6 + 1,) 

'■ - 6 - 


( 200 ) 


Table 47 has been oaloulated by inserting the various values for 
b and 
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Table 47. 

2'61-210 mm. of mercury, i.c., at vacua of 757'39-550 mm., and at 
from S'-eO” C. 


Vacuum. 


720 

718 


706 

700 

698 

090 

088 


078 






Absolute pressure, h. 




i 

40 

45 

80 

65 


07 

70 

78 

80 - 

88 

90 

d 

u 

9 

& 

a 



Volumes, ai, in cub. m. 

, of 1 kilo, of air. 



s 

tl 

15-01 

13-34 

12-00 

10-92 

10-00 

9-27 

8-58 

8-01 

7-51 

7-07 

6-67 

5 

15-29 

13-59 

12-23 

11-12 

10-19 

9-44 

8-74 

8-15 

7-64 

7-19 

,6-79 

10 

15-55 

13-82 

12-43 

11-32 

10-36 

9-60 

8-89 

8-29 

7-78 

7-32 

6-91 

18 

15-82 

14-06 

12-65 

11-51 

10-55 

9-77 

9-04 

8-44 

7-91 

7-44 

7-03 

20 

16-08 

14-29 

12-85 

11-70 

10-55 

9-93 

9-20 

8-58 

8-04 

7-57 

7-1*5 

28 

16-36 

14-54 

13-08 

11-90 

10-91 

10-00 

9-35 

8*72 

8-18 

7-70 

7-27 

30 

16-62 

14-77 

l,3-28'1i'-08 

11-08 

10-26 

9-50 

8-87' 

8-31 

7-82 

7-39 

38 

16-89 

15-01 

13-51 

12-30 

11-28 

10-43 

9-66 

9-04 

8-44 

7-95 

7-51 

40 

17-15 

15;24 

13-71 

12 4b 

11-44 

10-59 

9-81 

9-15 

8-58 

8-07 

7-63 

48 

17-43 

15-49 

13-94 

12-68 

11-63 

10-76 

9-97 

9-31 

8-77 

8-20 

7-75 

SO • 

17-69 

15-72 

14-14 

12-87 

U-79 

10-92 

10-12 

9-45 

8-84 

8-33 

7-87 

*88 

17-97 

15-97 

14-37 

15-07 

11*98 

• 

11-09 

10*27 

9*58 

8*98 

8-46 

7-99 

60 


10. The Tim', of Fall of the Injected Water. 

In Table 48 are given the distances through which drops of water 
fall in 0’05-l'7 secs., when gravity alone acts on them, without the 
interference of currents of steam or gas. It is seen that water, when 
it falls free, passes through condensers even 4 m. high in 0 9 sec., and 
remains a still shorter time in lower condensers. 

If tile fiurrent of steam moves downwards in the same direction as the 
water (wet condensers), the time of fall is somewhat further decreased, 
but if the steam moves upwards against the falling water (dry counter- 
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Table 47 — (contimied). 


♦. 







• 

Vacuujn. 







6f)5 

6C0 

• 

G55 

650 

045 

■ 

G40 

635 

030 

626 

620 

616 

610 

i 

3 




Absolute pressure 

b. 





1 

O 

S 

95 

100 

105 

110 

115 

120 

125 

130 

135 

140 

146 

150 

« 

U 

Volumes, o*, in cub. m., of 1 kilo, of air. 

5 

6-32 

601 

0 

5-72 

5-46 

5‘22 

5-00 

4-80 

4*62 

4-45 

4-29 

4-14 

4-00 

10 

6-44 

6-12 

5-825 

5-56 

5-32 

5-09 

4-89 

4-70 

4-53 

4-37 

4-22 

4-08 

18 

6-55 

6-22 

5-92 

5-66 

5-41 

5-18 

4-97 

4-78 

4-61 

4-44 

4-29 

4-15 

20 

6-67 

6-33 

6-03 

5-75 

5-50 

5-27 

5-06 

4-87 

4-69 

4-52 

4-36 

4-22 

28 

6-78 

£-44 

6-13 

5-85 

5-66 

5-36 

5-15 

4-95 

4-77 

4-60 

4-44 

4-29 

30 

6-88 

6-546 

6-24 

5-95 

5-69 

5-45 

5-23 

5-03 

4-85 

4-68 

4-51 

4-36 

38 

7-6o 

6-66 

6-33 

6-05 

5-79 

5-54 

5-32 

5-11 

4-98 

4-76 

4-58 

4-44 

40 

7-11 

6-76 

6-44 

6-15 

5-88 

5-63 

5-41 

5-20 

5-01 

4-83 

4-66 

4-51 

48 

7'22 

6-87 

6-54 

6-24 

5-97 

5-72 

5-50 

5-28 

5-08 

4-90 

4-73 

4-58 

80 

7-34 

6-98 

6-65 

6-34 

6-07 

5-80 

6-58 

5-36 

5-17 

4-98 

4-80 

4-65 

55 

7-45 

7-08 

6-75 

6-44 

6-17 

5-89 

5-67 

6-44 

5-24 

5-06 

4-88 

4-72. 

60 

• 

7-57 

719 

6-85 

6-53 

6-25 

5-98 

6-74 

5-53 

5-33 

5-14 

4-95 

4-79 


current condensers), tjje timp is somewhat fonger. In any case large 
drops of water can experience but a slight and insufficient beating 
in this short time, as Table 46 shows. • Since the distances fallen 
through in the first moments are much smaller than those in the 
succeeding moments, steps or catch-plates, placed at short distances 
apart, and continually bringing the water again to rest after brief in¬ 
tervals of falling, serve to lengthen considerably the time of fall. 

By the aid of the preceding separated considerations of the 
requirements of jet-condensers, we can now determine their prin¬ 
cipal dimensions for the most usual oases; this is done in Tables 49 
and 51. The principles upon which these tables have been calculated 
must first be briefly indicated. 
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Table 47— {continued). 


€05 I 600 595 590 585 580 ! 5'i5 570 505 560 555 550 


Absolute pressure, b. 

155 160 165 I 170 175 180 I 185 190 1 195 200 205 210 



Volumes, o,, in cub. m., of 1 kilo, of air. 


I, 


S-87 3-75 3-64 3-53 5'43 3-33 3'24 

3- 94 3-8213-70 3-60 3'49 3-39 3-30 

4- 0i; 3-8913-77 3-66 3-66 3-45 3-3G 
4-08' 3-95: 3-83 3-72 3-62 3-52 3 42 
4-lC 4-02- 3-90 3-79 3-68 3-57 3-48 
4-22 4-09; 3-97 3-85 3-74 3-63 3-53 

4-29 4-lo: 4-03 3-9] 3 80 3-69 3-59 
4-36 4-22^ 4-09 3-97 3-86 3-75 3-65 
4-43 4-29 4-10 4-04 3-92 3-81 3-70 
4-uO'4-36:4-23 4 10 3-98 3 87 3-77 
4-57 4-42i 4-29 4-16 4-06 3-93 3-82 
4-64 4 49 4-35 4-23| 4-11 3-99 3-88 


3-16 

3-08 

3-00 

2-93 

2-8G 

s 

3-22 

3-14 

3-0() 

2-98 

2-91 


3-27 

3-18 

3-10 

3-03 

2-97 


3-33 

3-24 

3-16 

3-08 

3-01 

20 

3-39 

3-30 

3-22 

3-M 

3-06 

28 

3-44 

3-35 

3-27 

319 

312 

30 

3-49 

3-40 

3-32 

3-24 

3-17 

38 

3-55 

3-46 

3-37 

3;29 

3-22 

40 

3-61 

3-52 

3-43 

3-34 

3-27 

48 

3-67 

3-58 

3-49 

3-40 

3-22 

80 

3-73 

3-63 

8 54 

3-45 

3-37 

88 

3-78 

3-68 

8-60 

3-60 

3-42 

-60 


11. IJie Dimensions of Wet {Parallel-Current) Jet-Condensers. 

Wet condensers are used -with advantage in connection with 
evaporators of small and medium capacity, evaporating 100-3000 
kilos, per hour, for which limits Table 49 has been calculated (Kg. 
14, p. 210). 

The wet parallel-current condenser is a closed vessel, which is 
entered at the top by the steam to be condensed and the cooling 
•water, and from which the liquefied vapours, the heated cooling 
water and the uncondensed gases are together exhausted by means 
of a “wet” air-pump. The diameter and height of the condenser 
and the diameter of the pipes, by which the steam and water enter 
and the water leaves, are to be calculated. 
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Table 48. 

Distance in mm. traversed in a free fall during 0’05-l'7 seconds. 


Time, 

Height 

Tme, 

Height 

Time, 

Height 

Tin&e, 

Height 


of fall. 


of fall. 


of fall. 


of fail. 

Bee. 

mm. 

pec. 

mm. 

sec. 

mm. 

sec. 

mm. 

0-05 

12-5 

0-30 

441-45 

0-775 

2943 

1-25 

7663 

006 

17-62 

0-325 

517-4 

0-80 

3139 

1-275 

7947 

007 

• 23-8 

0-35 

597-9 

0;825 

3335 

1-30 

8289 

008 

31-36 

' 0-375 

699 

0-85 

3541 

1-325 

8604 

009 

39-69 

0-40 

784-8 

0-875 

. 3751 

1-35 

8936 

O'lO 

49-05 

0-425 

884-9 

0-90 

3971 

1-375 

9260 

Oil 

59-35 

0-45 

993-2 

0-925 

4193 

1-40 

9613 

012 

70-6 

0-475 

1105-4 

0-95 

4414 

1-425 

9947 

0'13 

82-8 

0-50 

1226-3 

0-975 

4658 

1-45 

10000 

0-14 

96-1 

0-525 

1350-4 

1-00 

4905 

1-475 

10657 

0-15 

110-4 

0-55 

1483-7 

, 1-02.5 

5169 

1-50 

10996 

0-16 

12.5-^ 

0-575 

1629-9 

1-05 

5507 

1-525 

11417 

017 

141-7 

0-60 

1765-8 

1-075 

5659 

1-55 

11823 

018 

158-9 

0-625 

1926 

110 

5935 

1-575 

12132 

019 

1771 

0-65 

2069 

1125 

6188 

1-60 

12.544 

0-2() 

196-2 • 

0-675 

2282 

115 

6483 

1-625 

12936 

0'225 

247-.9 

0-70 

2403 

1}75 

6771 

1-650 

13343 

0'25 

306-5 

0-725 

2575’ 

1-20 

6953 

1-675 

13750 

0'275 

• 

370-4 

0-75 

2756 

1-225 

7350 

1-70 

14161 

• 


This species of condenser is called “wet,” silice it is always 
connected with a “wetj’ air-fpimp, i.e., an air-pump which exhausts 
the water together with the air. 

“ Dry ” condensers are so called hecaus* they are connected with 
a “dry” air-pump, ie., a pump which extracts only air, without 
water. The waste water of dry condensers generally passes away 
by its own weight by means of a fall-pipe (Kg. 15, see observations 
on p. 208). 

A wet condenser should never be connected with a dry air-pump, 
which cannot take the waste water. 

The diameter of the steam-pipe leading to the condenser may be found 
by means of Table 32, in which is given the weight of steam passing 
In one hour through pipes 20 m. long with a loss of pressure of 0'5 
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per cent. In settling the conditions for Table 49 we have, however, 
assumed that the resiitance in the pipe between evaporator ai^ con¬ 
denser may tak* 2 per cent, of the absolute pressure. In this case 
double the quantity Of steajn passes* through the same pipe, and for 
the desired capacity the pipe will be narrower and therefore cheaper. 
This condition is taken because in reality the assumed high vacuum 
(705 mm.) is not always maintained, ‘and since, in order to meet 
fluctuations in working, condensers are generally made very large in 
proportion to the work required of them Steam-pipes of very much 
smaller diameter are frequently found. 

The difference in temperatgre between steam and cooling water, 
when they enter at the top, ranges between about 55°-30° C. 

The temperature difference at the end (bottom) is 35"-20° 0., since 
the waste water should never be allowed to become very warm. The 
temperature difference at the bottom accordingly is to that at the top in 
th(! ratio or i.e., at the mean, is about 0’66 of the difference at 
the top. The cooling water is therefore only heated through about 
J of the original difference iii temperature between stsftm and water, 
or t, - 0'339a, for which the following times are sufficient, according to 
Table 46, for drops of 

S = I 2 3 4 mm, diameten 

s.-O-l 0-3 0'6 ^1-1 seconds. 

In order that the drops may be in the condenser during these 
times, the following heights of free fall are necessary;— 
k = 49 441 1765 5935 mm. 

When the water is very finely divided, a very short time suffices 
to warm it; for drops o< 1-2^ mm. digmetej> condensers 1000 mm. 
high, without steps, are approximately sufficient. Much larger drops 
cannot be sufficiently heated by similar condensers of great height. 
Experience shows that in practice, when the water is well divided, 
good results are obtained with these dimensions. If thicker masses 
of water are intended, one step is, in general, sufficient. 

The free section of the wet condenser need not be much greater 
than that of the steam pipe, if the latter has^the proper dimensions ; 
but it may be larger without harm, since the velocity of the steam 
diminishes in the condenser, from its entrance downwards, to zero, 
and is on the average about half as large as at its entrance. 

16 



24*2 EVAPORATING AND CONDENSING APPARATUS. 

The section of the condenser is generally diminished by the pipe 
through which the water is injected, and also b j the jets and drops of 
water. Since the friction of the great number of particles of water 
against the current of steam is not inoonsiderab'ie, it is well to enlarge 
the section of the condenser correspondingly, in order to prevent loss 
of pressure. For condensers without steps we adopt a section about 
20 per cent, greater than thaf of the steam pipe of liberal dimensions. 
If there are one or two steps in the condenser, the section must be at 
least double that of the pipe by which the steam enters. 

The mean pressure, which the current of steam exerts on the falling 
drops in 'their direction of motion, inareasing their acceleration and 
thus decreasing the time during which they are falling through the 
condenser, is calculated only at about one-quarter of that which the 
entrant velocity of the steam would exert; this is because the drops, 
by their velocity of fall, themselves dimmish the influence of this 
pressure. Even if the velocity of the steam on entering the top of 
the condenser were 30 m. per second, it would only slightly shorten 
the time of fall of small drops of 2 mm. diameter, and this all the 
less when the drops, thrown violently about, touch the walls and are 
retarded. 

The internal height of condensers without steps, from the steam 
entrance to the water exit, is therefore taken for small apparatus at 
not less than 1000 mm., bud somewhat greater for larger apparatus, 
since in the latter the water is not perhaps quite so thoroughly divided. 
Thjs height is also suflSoient when one step is introduced. With two 
steps ttei total height may be 1’23 times as great. 

The diameter of the water-pipe. The limits of the temperature of 
the steam to be condensed are*bout 40°-46° 0., the limits of the initial 
temperature of the injected water are about 8°-23° C. Thus we find 
from Table 41 that the condensation of the ^team rarely requires more, 
and generally much less, cooling water than 45 times the weight of 
the steam. 

The water may be conveyed to the condenser from a tank at a more 
at less high level in such a manner that the natural suction of the 
vacuum in the condenser, together with the hydrostatic pressure from 
the condenser to the tank, causes the velocity of the water in the supply 
pipe. The suction of the condenser alone may also draw the water 
direct from a vessel, well or tank at a lower level (Chapter XVIII.). 

In the former case the pressure which moves the water is con- 
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siderable, being equal to the vacuum (measured in metres of vrater 
column) phis the hydrSstatio pressure. In the latter ease it il very 
small, being equal to the vacuum the distance from the water 
level to the point at which the water enters the condenser. It is not 
advisable to, employ a lower pressure than 3 since, otherwise, 
variations in the level of the water and in the vacuum may be 
dangerous, although it is always possible to work with a very slight 
excess of pressure, even only 200-300 mm. In that case, however, 
very wide supply pipes must be used, ailfl there arises the danger that 
the supply of water to the condenser may be stopped by any^accident. 
With a vaotyim of 680 mm. of fnercury (9'248 m. of'water) the greatest 
permissible normal depth of the water level belolv the water entrance 
into the condenser would be 9'248 - 3’0 = 6;248 m. 

In Table 49 are given, by the aid of Table 36, the diameters of the 
water supply pipe for the four cases of an excess pressure of 1, 3, 6, 
and 9 m., and under the assumption that the largest quantity of water 
mentioned (45 times the weight of the steam) is to be introduced into 
the condenser. 

The spraying of the loater in the condenser is generally accomplished 
by means of perforated pipes or plates. The holes in the pipes and 
plates should he small, since the water always passes through thdhi at 
a considerable velocity, on account of the tolerable excess of pressure. 
The number of holes has been calculated for diameters of 2 and 3 mm. 

If the injector pipes are vertical and enter from below, too many 
holes are no disadvantage, since, when a number of them jremdin 
unused, the water is still well divided. 

The injector pipe must be closed at the end in the condenser, so 
that the water may remain in it under at leasts part of the excess of 
pressure. The water will then be thrown, with a certain velocity, from 
the small holes on to the condenser wall, where it is broken up into fine 
drops. A’ portion of the water will doubtless flow down the condenser 
wall, by which its surface is diminished, but since the water flows 
down much more slowly on the wall than when it falls free, the dis¬ 
advantage of the smaller surface is to a great extent counterbalanced 
by the longer contact with the steam. 

The outlet pipe of the condenser leads directly to the air-pump. It 
must be wide enough to carry off air and water together. The lower 
part of the section of this pipe, which is required for the water, is 
determined on the permissible assumption that it ha's a velocity of 
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Table 49. 

f 

The dimensions of wet (parallel-current) jet-condensers with- 

vacuum of 


Steam to be condensed in one hour, in kilos. 

100 

The necessary cooling! weight of steam X 15 - 

1500 

water, in litii^s 1 *■ „ x 45 - 

Diameter of the condenser, without steps 

4500 

iOO 

Heighif „ ,, „ • ■ ■ , ■ 

1000 

Diainctor of the steam inlet, for 705 mni, vacuum and 


2 jier cent, loss of pressure - - - 

150 

Diameter of the water, inlet, at 1 ui. excess pressure 

40 

„ „ „ at 3 m. „ 

35 

„ „ „ at 6 m. „ 

30 

„ „ „ at 9 in. 

25 

„ ,, connection to the air-pump - 

Diameter of the separate air-pipe to' the jin tup, if one 

75 


were used. 

40 

Diameter of the internal pipe of the injector - 

50 

Number of holes in the injector pipe { + 20 per cent.):— 
Holes 2 mm. diameter, 0’5 m. pressure (30 litres 


per hole per hour). 

180 

Holes 3 mm. diameter, 0’5 m. pressure (08 litres 


per hole per hour). 

80 


0'5 m.'per second, corresponding to a pressure-hea^l of about 25 rnm. 
The upper part of the section is for the air, and is obtained from 
Table 85; the section of the f)ipe there given for the quantity of air is 
added to that necessary for the water. It is assumed that 1000 litres 
of cooling water contain 0'25 kilos, of air. 

Example.—Voi the condensation of 1000 kilos, of steam per hour, the diameter 
of the steam pipe, at a vacuum of 705 mm., is 350 mm. by Table 33, if a loss in 
pressure of 3 per cent, is permitted; the section of tho condenser without steps 
thould be 20 per cent, greater, hence its diameter is 100 mm. 

The height of the condenser wo take at 1400 mm. 

The maximum quantity of water is, according to our assumption, 45 x 1000a 
46,000 kilos, per hour. The supply pipe must, therefore, by Table 36, be 80 mm. 
in diameter for a length of 20 m. with 3 m. excess of pressure. 

Through a hole, 2 mm. in diameter, 25 litres pass in one hour at 0’5 m. excess 
pressure,,accordiiIg to Table 44. The perforated pipe must therefore have, in the 
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Table 49. 

out steps, for oondensing lOU-3000 kilos, of steam per hour at a 
705 mrn. 


200 

• 

300 

500 

1000 

1600 

2000 

3000 

3000 

4500 

7500 

15000 

.22.500 

30000 

45000 

9000 

13500 

22500 

45000 

67500 

90000 

135000 

185 

215 

280 

400 

440 

500 

. 555 

1000 

4200 


1400 

1500 

•1600 

1800 

175 

200 

25o 

350 

400 

450 

500 

55 

60 

. 75 

100 

i25 

140 

165 

45 

55 

60 

80 

95 

115 

125 

40 

45 

55 

70 

80 

95 

116 

30 

40 


65 

75 

85 

100 

90 

110 

150 . 

190 

■ 235 

270 

• 

325 

45 

50 


75 

80 

90 

100 

60 

80 


100 

125 

160 • 

200 

360 

580 

900 

1800 

2700 

3600 

5400 

160 

250 


780 

1200 

1600 

2400 

• 


46,000 

present case, —= 1800 tholes. On accc^pnt of j>ossible stoppages we take 
2000 holes. 

The injector pipe is takeniat 100 mm. diameter. 

. t. , . . , . , , . , . 4500 X 0’26 ,, 

The weight of air to be exhausted m one hour is —jqqq— - 11‘26 kilps., 

and at a vacuum of 706 mm., according to Table 85, the air^uction pipe (if such 
were used) must have a diametdr of 65 mm., i.e., a section of 0‘38 sq. dcra. 

The pipe leading from the condenser to the air-pump must have this 
section for the air—^’33 sq. dom.—and also that roqmred for the M?ater, which is, 

for a velocity of 0-5 ra. per second, = 2*5 sq. dcm. The connection to 

the air-pump has therefore a section of 0*33 + 2*5 » 2*83 aq. dcm., equal to a 
diameter of 190 mm. 
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12. TIte Dimensions of the Dry {Counter-current) Fall-pipe Jet- 
' Condenser. 

The “dry” jet-condensers, which are'almo6t always constrocted 
to work with counter-currents, are closed vessels, which the steam 
to be condensed enters at the bottom, and the well-sprayed cooling 
water at the top. The heated water flows away spontaneously 
together with the condensed steam by means of a fall-pipe (barometer 
tube) at the bottom, whilst the air and gases are exhausted cold at 
the top. Bry condensers are often used for small and medium 
capacities, for large almost invariably. Their chief dimensions are 
given in Table 51 for an hourly condensation of 300-12,000 kilos. 
(See Fig. 15, p. 211.) 

If the cooling water has in the condenser a free fall of 

h = 1 2 3 4 5 .in. 

its theoretical 

time of fall, z, = 0'46 0 64 079 0'91 1'015 seconds. 

In these tines a jot of water of thickness 8 mm. takes up such an 
amount of heat (according to Table 46) from the surrounding steam 
that it is heated through the following fractions of the original 
temperature difference, 6 ,:— 

If 8 = 1, the heating is 0’460fi„ — — — — 

8 = 2, ‘ „ O-clOOti, 0'336’i9. _ _ _ 

6 = 3, „ 0-225«, 0-225d. 0-247«, 0-278d. 0-290d.; 

8 = 4, „ 0763f>, O'lSSi). 0-193^. 0-217«. 0'227«.. 

a jet of water of thickne.«s 8 = 3 mm., at a temperature of 10* 
0., falls through 4 m. in steam of S&° 0., it is heated through (55 - 10) 0'278 = 
12'6° 0., and thus has finally the to'taperature 10 - 1 12'5 = 22'5* C. 

From the above figures it may be gathered that, although the 
increases of temperature just given may not be exact, a condenser, in 
which the water fell straight to the bottom without stops, must be 
very high, and the water very finely divided, if it is to be heated 
nearly to the temperature of the steam, A very fine spray of water 
is not easily .obtained and necessitates a slowly rising current of steam. 
Therefore dry condensers without steps must be of great height and 
diameter. 

The water may be made much hotter if it is allowed to fall through 

the same total height in several short stages, by each of which >* 

. 10 , in the 
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given a fresh surface. This is made clear by the example below. 
For since the velocity^f fall is the least at the beginning, tlw period 
during which the water is in the condenser increases with the number 
of steps, as also^does the mjmber of^shanges of surface. 

ETampk.—li a jet of water, S = 3 mm. in d’ameter.fit 10” 0., falls down five 

steps, of 800 mm. each, through steam at 35° C.. the heating is:_ 

, At the end of the first fall (Table 46); (65 - 10) 0-200 = 9-0°; 
the temperature of the jet is then 10 + 9-0 = 19-0°. 

After the second fall: (55 - 19-0) 0-200 = 7-2»; 

the temperature of the jet is^hen 19-0 + 7-2 = 26-2°. 

After the third fUl: (55 - 26-2) 0-200 = 6 76°; 

the temperature of the jet is then 26-2 + 5-76 = 81-9fi°. 

After the fourth fall: (55 - 31-96) 0-200 = 4-61°; 

the tempemture of the jet is then 31-96 + 4-61 = 36-57°. 

After the fifth fall: (55 - 36-57) 0-200 = 8-60°; 

the tenfperature of the jet is then 36-57 + 3-69 = 40-26°. 

In a straight fall without stops the heating would only bo through -22-51°. 

The determiration of the number and the height of the steps is 
accomplished by the method in tho following paragrajih, in which it 
is assumed that the temperature of the steam to be condensed remains, 
the same from bottom to top of the condenser. This assumption is 
not quite accurate, for the pressure in the counter-current condenser 
must bo somewhat less, at the top than below, because only so would 
there be a current of steam towards the *op. The pressure at the 
bottom is due almost alone to the steam, at the top to the air almost 
entirely; between the extremes the pressure of the air diminishes 
towards the bottom, that of the steam towards the top, consequently 
the temperature the'*steam also must diminish towards the top. 
But these differences aje not very considerable at the places where 
condensation is still really taking place (whicli condition we are con¬ 
sidering here), therefore jve neglect them for the sake of simplicity. 
In what follows it is assumed that oil the steps are of equal height. 

If the whole temperature difference between steam and cooling 
water be 6„ and this be diminished below the top sigp by the fraction, 
a8„ by absorption of heat by the water from the steam, then, of the 
residual difference, d. - a6„ a fraction, a(fi, - oS.) = - a), is 

removed below the second step. Below the third step the remaining 
temperature difference, - ud. - - a) = #,(1 - o) - o^,(l -a) 

- S.(l - o)2, is diminished by - tt)'^, and by the last (lowest or 
isithlgtep by the fraction, aS.(l - a)""b 
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The sum of all these intervals of temperature would be, in the 
most favourable case, equal to the whole temperature difference, 
but is, in reality, only a more or less large part of the whole difference. 
It is naturally endeavoured to ihake the temperature of the waste 
water approximate as nearly as possible to that of the steam. 

Lot p be a percentage and the portion of the original tempera¬ 
ture difference removed, i.e., the sum of all the separate intervals of 
temperature given above, then 

l00®“ = - a) + (1 - af +, (1 - af'+ ... (1 - a)”*'}; 

or, summing the geometrical progression, 

P a _ 

100““ (l-a)-l 

” m = .(201) 

O 4 

If the increase in temperature of the water, a, in the highest step 
is known, and also the number of steps, then this equation gives the 
fraction of the whole difference in temperature which is removed by 
all the steps, i.e., by how much the temperature of the water 
approaches that of the steam. 

The value of a depends on the time during which the water drops 
' are exposed to the action of the steam, which time is obtained directly 
from the height of fall of the drop. 

Table 50 gives, by the aid of equations (110) and-(194) and Tables 
46 and 48, figures which show by what fraotipn the original tempera¬ 
ture difference, is diminish^ in condensers with 1-8 steps of equal 
heights of 200-1000 mm., when the water-falls in jets of 2-7 mm. 
thickness. The table shows to what extent the temperature of the 
waste water increases with the smallness of the drops and the number 
and height of the steps. 

In reality there are in the condenser hot only jets of every size 
but also drops and sheets of water. A very fine water-dust is formed, 
which is heated, and then unites with the other water, because of the 
currents of steam and the fall, or is carried to the wall This circum¬ 
stance, and also the presence of sheets of water moving in the con¬ 
denser, from which drops are thrown off, in conjunction with the’ 



DIMENSIONS OF DRY JET-CONDENSERS. 


inaccuracy of the formul® which have been given to represent the 
process of heating, oft^n cause the water to be heated to a greater 
extent in actual practice than would be expected from Table 50. This 
table is to be rogardei as gjving only a general picture of what occurs, 
without being an exact representation of fact. 

Experience shows that with 5-6 steps, and a total height of 2.500- 
3000 mm., very warm waste water may be obtained, even when the 
water is injected in jets of .5-6 or even 8 mm. diameter. A finer 
spray of water and more stops improve the action. 

The maximum velocity of tite steam at the bottom of a condenser 
without tteps should bo that velocity which exerts a pressure on a 
falling drojf equal to double its weight (Chapter XV.). If there are 
steps in the condenser, tlie greatest velocity should only be somewhat 
greater than that which exerts a pressure equal to the single weight 
of a drop. 

Thus, according to Table 23, the greatest velocities for steam at 
40° C. (706 mm. vacuum) would be:— 

• 

For drops of diameter 01 0 25 0 5 1 2 3 4 5 mm. 

In condensers , 

without steps 9 2 14-6 20-6 29-2 42 ,50'5 58-5 65 3 m. 

In condensers 

with steps 6-5 10-3 20-6 29 2 35-3 .42 46-2 m. 

In the author’s opinion, founded on observations made on con- • 
densers, these calculated velocities are too low. In ordetoto eWt 
. the pressures mentioned the velocities must be about 1-33-1-5 times as 
great. Also in all condensers it is a question not only of drops, but 
also of jets of water, upon which the current of steam has much less 
action. The majority ofjihe drops, however small, are heated by the 
current of steam and then unite with the other water or are thrown 
against the walls and thus prevented from being carried forward. 
Finally, in almost all condensers a portion of thq. steam (10-15 per 
cent.) is condensed before ft comes to the vertical rise. 

On all these grounds, according to experience, the firgt and lowest 
contraction of a condenser without steps may have such a section 
that steam of 705 mm. vacuum attains in it a velocity of about 65 m. 
per second. In a condenser with steps the velocity may be 55 ni. 
per second. If there is a lower vacuum in the condenser, the volume 
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TaWjE 50. 

The fractions by which the original difference in temperature, 
between steam and water is diminished in dry counter-current 
condensers with 1-8 steps, each 200-1000 fnm. fii height. The 
water is in jets ()f 8 = 2-7mm. diameter. 


when ft, = 1.) 


I1 • 

height of 
each step. 

1 

ft* 

•s|g 

|2s 

0 

Height 

Sr* of the 

condenser. 

^ Diameter of the water jets, J!, in mm. 

0 ao 

n 

2 

3 


5 


7 

1 

200 

0-20 

200 

0-206 

0-142 

0-109 

0-088 

0-074 

0-064 

2 



400 

0-368 

0-264 

0-199 

0-158 

0-143 

0-124 

3 



600 

0-498 

0-368 

0-293 

0-229 

0-220 

0-178 

4 



800 

0-600 

0-459 

0-359 

0-293 

0-266 

0-233 

6 



1200 

0-748 

0-600 

0-500 

0-408 

0-378 

0-324 

8 



1600' 

0-841 

/l^OO* 

0-580 

0-500 

0-462 

0-418 

1 

300 

0-25 

300 

0-225 

0-150 

0-120 

0-097 

0-082 

0-071 

2 



600 

0-400 

0-298 

0-242 

0-186 

0-157 

0-137 

3 



900 

0-635 

0-386 

0-340 

0-264 

0-227 

0-198 

4. 

,, 


1200 

0-630 

0-479 

0-427 

0-336 

0-290 

0-245 

6 



1800 

0-784 

0-623 

0-504 

0-460 

0-403 

0-357 

8 


0-285 

24oa 

0-87,1 

0-730- 

0-672 

0-559 

0-496 

0-445 

1 

400 

400 

0-240 

0-156 

0-129 

0-104 

0-088 

0-076 

2 



800 

0-423 

0-288 

0-242 

0-198 

0-168 

0-146 

3 



1200 

0-562 

0-388 

0-340 

0-281 

0-242; 0-211 

4 

• 


1600 

0-668 

0-493 

0-426 

0-357 

0-308; 0-271 

6 



2400 

0-808 

0-696 

0-565 

0-453 

0-426:0-378 

8 



3200 

0-890 

0-743 

0-671 

0-587 

0-521 

0-469 

1 

600 

0-35 

61)0 

0-'^6] 

0-184 

0-142 

0-115 

0-091 

0-083 

2 



1200 

0-436 

0-335 

0-264 

0-237 

0-174 

0-159 

3 



1800 

0-596 

0-457 

0-369 

0-307 

0-249 

0-229 

4 



2400 

0-682 

0-568 

0-458 

0-387 

0-318 

0-293 

6 



3600 

0-837 

0-705 

0-602 

0-590 

0-436 

0-406 

8 

800 


4800 

0-899 

0-805 

0-706 

0-624 

0-585 

0-500 

1 

0-41 

800 

0-277 

0-196 

1)161 

0-121 

0-105 

0-091 

2 



1600 

0-476 

0-352 

0-279 

0-229 

0-199 

0-174 

3 



2400 

0-622 

0-481 

0-388 

0-321 

0-283 

0-249 

4 



3200 

0-727 

0-680 

0-480 

0-404 

0-358 

0-818 

6 



4800 

0-857 

0-731 

0-625 

0-531 

0-456 

0-425 

•8 

1> 

1) 

6400 

0-92710-824 

0-730 

0*646 

0-588 

0-634 
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Tabm 50—{continited). 


11 . 

■y 

M 0 a 

n 

Height of 
each step. 

1 

s-ai 

« P n 
2 £ O 

^5 § 

z* 

o 

CO 

fP <D § 

.SP-fl'P 

fl 

M*S8 

h 

Diameter of the water jets, 8, in mm. 

2 

3 

4 

5 

6 

B 

■I 

1000 

0-46 

1000 

0-294 

0-221 

0-161 

0-186 

0-116'0-096 

2 



2000 

0-502 

0-393 

0-297 

0-254 

0-200! 0-183 

3 



3000 

0-651 

0-627 

0-410 

0-355 

0-297 

0-262 

4 



4000 

0-752 

0-632 

0-505 

0-443 

0-376 

0-333 

6 



6000 

0-8V8 

0-776 

0-652 

0-584 

0-505 

0-455 

8 

)) 

n 

8000 

0-939 

0-865 

0-756 

0-691 

0-611 

0-555 


of the steam will be lower, and the velocity, and hence also the 
danger of carrying drops away with the steam, less. 

Since about 10 per cent, qf the steam to be condensed is already 
liquefied before it enters the lowest narrow section, this' section may 
he based upon a velocity of 70 m. for the whole quantity of steam. 

1 kilo, of steam at n. vacuum of 705 mm. has a volume 19,500 
litres, therefore lOOO kilos, of steam at Tfem. velocity require, without 
steps, a section of 

19600 1000 „, , , 

-fm^oo “ 

In condensers with steps the velocity may reach 56 m., ifereiore 
1000 kilos, of steaTn at 705 mm. vacuum require a section of 

19600 X fOOO i ,» 

i6orx“55r = 

Since, however, only half the section of a condenser is left free 
lor the passage of steam by reason of the inserted plates, sieves 
and divisions, the whole section of the condenser without steps 
should be 15 sq. dcm. for^lDOO kilos, of steam, and the section of 
. the oondeuser with steps 20 sq. dcm., from which the diameter may 
^ ' be obtained. 

,, For the smaller capacities, to condense 1000-2000 kilos, per hour, 
the diameters, as determined by this rule, must be somewhat in- 
4 creased, in order to allow for the greater friction, the inaccuracies 
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Table 51. 

The ^imenaioQs of (dry counter-current) fall-fipe jet-condensers, with 
1 at a vacuum 


Steam to be condensed in one hour in kilo.s. 

The necessary quantity/Weight ol steam x 10, litres 
of cooling water ('Veight of steam x 40, litres 

Condenser without • ■ - mm. 

steps I Height measured to the 

t sieve - - . mm. 

Condeuser with JKameter - - - mm. 

stepj t Height measured to the 

... . . , ■ ■ ■ mm. 

01 the ste&m inlet, for 705 min, vacumn, 2 

per cent, loss of pr-ssuro - . ’ . mm. 

of the water inlet with a head of 3 m. - mni! 
" '■ n „ „ 6 m. - mm. 

" . " 1 . .■ 9 m. - mm. 

„ air-pipe (at 15° 0.) .... mm. 

fall-pipe, when 10,700 mm. high . mm. 

•• .. 11,090 mm. , - . mm. 

Number of holes in the perforated f 5 mra. diameter 
plate, with a head of 10 mm, off 6 mm. 
wa’erj+ 10 “/„ for obstructions i? mm. ” 


3000 5000 10000 15000 
12000 20000 40000 60000 
400 450 550 650 

At least 3000 mm.— 
■5001 550 1 6001 700 



and contractiohs. The diameters in Table 51 are determined in this 
manner. • * ' 

If the diameter of the condenser, A dcm., is fixed, then the height 
of, the lowest stage, e., for condensing the weight of steam, U, in one 
hour is'evt least 

1 “ “ 1000 

Accordingly, 

( 

For D = 1000 2000 6000 10,000 kilos, of steam, 

and A = 600 775 1175 1600 mm. 

c._== 170 255 440 630 mm. 

But, on account of the vortex and friction occurring at this place, 
the height of the lowest stage should be increased to about 

e. = 220 330 550 700 mm. 

The succeeding upper steps may then be put nearer and nearer 
together. There may be 3-4 whole stops or 6-8 half stops. 
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Table 51. 

and without steps for cAidensing 300-12,000 kilos, of steam peAour 
of 705 mm. 






D 



H 

H 


1200 oj 





pi 

pi 


B 

B 

ill 

IBM I 


\mm] 




^jWjV 

320000 


uAJilAI 


480000 

700 

776 



llOCi 


12r5l 1350 

■n 

1450 


Holes 

in perf 

crated p 

late no 

larger 

than 2 

1 

nm. diamctor. 




776 



1175 

1250 


1450 

1550 

Wjjjjy 

1675 

1750 











3600 



575 


700 

760 



^^9 

950 

1000 

105 

125 

185 

155 

170 

180 

190 

205 

215 

225 

230 

90 

110 

120 

135 

145 

156 

165 

175 

185 

190 

195 

86 

■ml 

115 

125 

185 

146 

150 

HlHil 

170 

175 

185 


115 

125 

185 

145 

155 

160 

165 

175 

180 

190 

200 

2:-)5 

2H0 

Hm, 

■iol 

850 

380 

KqoI 


■Im 

460 


175 

190 

215 

225 


275 

285 


1 315 

325 

825 

1240 



2480 

2895 


8720 

41.35 


EaUI 


865 

1150 


17.80 

HSSl 


2595 

—1 

3165 

•3455 

420 

635 

845 


1270 

1480 

1690 

1905 

2116 

2,136 

2545 


The.diamete/r of tne steam pipe is obtained as with wet-condensers. 
*lt is determined by means of Table 32. 

The diameter of the water pipe may also be determined as before. 
The limits of the temperatures of the steam are about 35°-60W)., of 
the water about 8°-‘80° C., and consequently, according to Table 41, 
10-40 kilos, of water are required to contuse ], kilo, of steam. The 
diameter of the water supply pipe is then obtained from Table 30, if 
the available pressure is knftwn or assumed in each case. In Table 
61 the diameters are given for heads of 3, 6 and 9 m. 

The water is sprayed in the condenser in many different ways. If 
the water is distributed by mjans of an overflow (8iil),or an overflow 
is used as a preliminary, Table 43 serves to fix the dimensions. The 
width or circumference of the overflow (length of the sill) is generally 
known from the diameter of the condenser, liable 43 then gives the 
depth of the layer of water running over. The sheet of water so 
formed naturally diminishes in thickness during its fall. 

When the water is distributed through a perforated plate, by 
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assumption of the diameter of the holes, the number may be at once 
obtained from Table 44, and then from the sjse of the plate the dis¬ 
tances between the holes can be determined. 

In calculating the number of holes, n, in the sieve, their diameter 
must be taken according to discretion. The smaller they are, the 
more thoroughly is the water divided, but they are the more readily 
stopped up. 

The number of holes is determined for the smallest probable 
consumption of water, assuming a suitable height for the water (10 
mm. in Tables 44 and 51). An increased head of water causes the 
flow of an increased quantity of water sprayed to the same extent. 

The perforated plates have naturally a high rim, in order to make 
possible a large pressure. ' ' 

In Table 51 the number of holes is giyen for the minimum 
quantity of water, a head of 10 mm. and holes of 5, 6 and 7 mmi' 
diameter. 

The section of the a,ir-]hpe follows from the weight of air to be 
hourly exhausted, which is taken at 0*25 kilo, per 1000 kilos, of 
water, calculating from the greatest consumption of water. Table 
36 gives the necessary measurements. 

The diameter of the fail-pipe or barometer pipe is obtained from 
the maximum quantity of injected water, to which is to be added the 
weight of the condensed steam. It is found in Table 42. 

Id Table 61 the diameter of this waste pipe is given for two 
heights—10*7 and 11*02 m. 

It Wdly appears to be necessary to calculate an example, which 
would be merely repetition, in view of the example calculated of a 
wet condenser. ; < 

The loss of heat from the warm condenser walls is an advantage, 
but it is insignificant compared with the weight of steam hourly 
condensed. 

Example,—■'She condenser for condensing 1000 kilos, of steam per hoar has a 
surface of 7 sq. m. (Table 61). It therefore Joses in one hour, if its avers^ 
temperature is 65“ C. and that of the atmosphere 10“ 0., 7 x 606 = 3886 oalolSl^' 
^Table 39). Thus it condenses about 6 kilos, of steam pat hour on the iMWf, 
■wall, which is equal to 0*6 per cent, of the total condensation. 'f 

The surface of the cold water, on the perforated plate and in the 
feed-box inside the condenser, does not condense steam, which should; 
always be completely liquefied below the plate, but it serves to eo<d 
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the air. For this purpose the jets and sheets of water formed above 
the perforated plate ar| also useful. 


B, Surface-Condensers (Coolers). 

Surface-oondensers are designed to condense vapours from the 
most'diverse sources, and generally also to cool the condensed liquid 
{hence they are often known as coolers), without the cooling medium 
—generally cold water, mo’^ rarely air—coming into direct contact 
with the substance. The exchange of beat takes place through a 
metal wall. > 

The space in whiclj condensation occurs may be under the 
pressure of an. atmosphere or under a lower pressure (vacuum). 

There are at pre^nt no certain observations to show that the 
vapours of different liquids have different coefficients of transmission 
•of heat (which might perhaps depend on the specific gravity of the 
vapour). Thus it must fqr thq present be assumed that these 
ooeffioients are the same for all vapours, and also that they do not 
alter for different pressures. It may be left an open question whether 
the coefficient is not in fact less at very low pressmes. 

Surface-condensers may be formed from systems of tubes, through 
which the vapours pass, whilst the water flows outside,, or the water 
may pass through the tubes and the vapours outside. They may be 
made from coils, bundles of pipes, and cylindrical or plane surfaces, 
which are cooled by water or air on one side, whilst the oUwr is’in 
oontact with the i^pouri 

It water is used as ihe condensing agent, it may rise en mam 
about the surfaces or flow down in a thm layer over them. 

If the air is used as tlje cooling agent, it is forced through pipes 
round which moves the liquid to be cooled. 

Thus this species of condenser may be separated into:— 

1. Enclosed surface-condensers cooled by water. 

Enclosed surface condensers cooled by ah’. 

3. Open surface-condensers. 

1. Encbsed Surface-Condemm with Water Cooling {Coolers), 

Figs. 17, 18 and 19 show typical forms of these condensers. 
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(a) The Mean Temperature Differences, 6„ and 

If tnero are not particular reasons for anoCiier arrangement, this 
species of apparatus is naturally opnstructed forppposjte currents, i.e.; 
in vertical condensers the steam enters at the top and the water below. 
Generally the vapouf passes through and the water around the tubes; 
occasionally, however, for convenience in cleaning the tubes, the 


Vapour. 



i 


Condenced 
liquid, («,. 

Fw. 18. 


vapour is sent round and the water through them. This latter ar¬ 
rangement influences the exchange of heat only in so far as it generally 
diminishes the velocity ef the steam and increases that of the water_ 
From what was said in Chipter I. it is evident that two peri(^.4 
must be distinguished in condensers which also cool, m., toe pe^ 
during which the vapour is condensed and the period during which 
the condensed liquid is cooled. 
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If the vapour brought no air with it, it would retain the same 
temperature to the end of the first period in which the condensation 
occurs, since its pressure would remain almost the same, fn pro¬ 
portion as it aivanoad ov^r the cdoling surface, its quantity, and 
hence its velocity, would gradually diminish until both became zero, 
but it would Remain at a constant temperature so long as it existed. 
If then all the vapour had disappeared at a certain place in the con¬ 
denser, the remaining space would be filled with air at a pressure equ^^i 
to that of the vapour. The spaces filled with’ vapour and air would be 



Fia. 19. 

> 

marked off with tolerable sharpness, and this would also be the case if 
the condensation occurred in vacuo. In reality, however,- the vapour 
always contains more or less air, which increases injpressure the more 
the quantity of the vapour i1 diminished by condensation. Thus there 
is a gradual transformation from the space in which t^ere is only 
vapour to that in which there is only^ air, thfough a space in which 
the two are mixed. 

This air, which is introduced by the vapours to be condensed, 
must be conducted away, either into the atmosphere or to the air- 

17 
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pump. Thus condensers or coolers must be provided with a pipe, 
which leads the air from their interior into the open or to the air- 
pump. This pipe must not be obstructed by liquid, since the varia¬ 
tions in the pressure and amount'of air introdufed into the condenser 
would cause currents backwards and forwards in this pipe in order to 
equalise the pressure. The presence of liquid in the ’pipe would 
prevent the free movement of the air and might cause irregularities 
in working. 

Since condensation, i.c., the production of liquid from the vapom-, 
commences immediately the Vapour enters the condenser, its walls are 
at once covered by liquid flowing downwards, the quantity and velocity 
of which increase towards the bottom. This liquid forms.an obstacle 
to the transfer of heat which cannot well be disregarded. The liquid 
flowing down has not the temperature of the vapour nor that of the 
cooling medium (water); its temperature lies between the two. Af 
that place in the condenser at which condensation is practically 
finished, the condensed liquid is always cooler than the vapour from 
which it was formed. Unfortunately, in, the lack of suitable experi¬ 
ments, it is'not accurately known what relation its temperature bears 
to those of,the vapour and cooling water. 

For this reason, and because we wish to avoid other arbitrary 
assumptions, aqd finally also because this condition has only a slight 
influence on the estimation of the size of the cooling surface, we shall 
assume in what follows (though incorrectly) that the liquid condensed 
has at the end of the condensation the temperature of the vapour, and 
tfidt in the following period it is cooled from the temperature of the 
vapour to the desired lower temperature. 

The transfer of heat is universally assumed to be directly propor¬ 
tional to the difference' in temperature between the two substances 
engaged in the process. Therefore, in the first place, we must 
determine the mem temperature difference between vapour and cool¬ 
ing water and then that between the condensed liquid and the water. 

We know, from Chapter I., that the mean difference in tempera- 
tui% is in most cases not equal to the arithmetic mean of the initial 
and final differences, but is (equation 10); 
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in which denotes the greatest and p the least difference in tempera¬ 
ture, the latter expressed as a percentage of the former. 

If thp grsatjist difference, 9,»= 60°, the least difference ■= 6°, then 
p = —gg— = 10 per cent. 

In Table 1 are found the values of calculated for the case in 
which = 1, apd iorp =• 1 - 100 per cent. 

jBirompfe.—For - 60° and jt •= 10, Table 1. gives 9„ = 0'301 x 60 = 23'46°. 

In order to determine the cooling surfaces, it is necessary to know 
the mean tem*perature difference for each of the two periods singly, 
i.e., for the period of coftdensation of the vapour and for that of 
cooling the condensed liquid. It would, howeVer be inconvenient to 
calculate this specially every time. Table 52 is therefore given, in 
which the mean differences are given for a large number of cases— 
for steam at atmospheric pressure at the temperature of 100° C., for 
steam of lower pressure at vaolia of 611 and 705 mm. (temperatures 
of 60° and 40° C.), and also for alcohol vapour at 80° C., always cooling 
by water. 

The cooling water may have various original temperatures, thpse 
of ffc, = 2’5°, 5°, 10°, 15° and 20° C. are considered in the Table. The 
water may also flow away at various temperatures; the filial tempera¬ 
tures, = 20°, 80°, 40°, 50°, 60°, 70° and 80° C., are given in Table 52. 
Finally, the condensed liquid is obtained at different temperatures; tl» 
cases are considered in which it leaves 2°, 5°, 10°, 15,° 20° aflfr25° C. 
hotter than the codling water. 

In Table 52 the mean’differenoe in tempemture between vapour 
and cooling water in the first period (condensation) is represented by 

the mean difference baWveen condensed liquid and cooling water 
in the second period (cooling) is represented by d*,. 

Example. —The steam to bo condensed is at 100°, th^ cooling water is 
originally at i0° and is to flow aifay at 60°. The condensed liquid is required 
to be at 1S° C. 

According to our assumption, the steam is only t« be condensed in the first 
period, nSt cooled. 1 kilo, of steam at 100° 0. has a total heat of 687 calories, of 
which 637 must be withdrawn in condensation. The condensed steam, the 
liquid, has still 100 calories; therefore, in order to oool it down to 16° C., 86 
units of .heat must still be removed (in all 637 + 86 = 622 calories). In the 
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cooling period, therefore, -b- - ^ ^ of the totcl heat is to be remond, and 

wl ~ 15 o22 

637 

In the condensing period ^ of the total heat. 

The cooling water becomes heated in all from 15^ to 60^ 0., through 45*^, o! 

which ~ accounted for by the period of cooling. 

Thus, at the end of the condensation period, when the condensed liquid U 
Btill at 100°, the cooling water is at 10° + 6'16°«16*16° 0, 


The steam enters at*^.100° 

The water is finally at.60° 

Difference ..... *40° 

The steam is finally at.100° 

The water at the same plane is at • • > 16*16° 

Difference .... 83'86° 


40 X 100 

40° is the following percentage of 83;85°:-r-p=-“^-.Qg— — 47-70 per cent. 

The mean temperature difference between steam and water in the first period 
is, therefore according to Table 1, 6^ ** 0*7 x 83*86 68*7°. 


The condensed liquid at ihe top is an > > . 100° 

The cooling water at the top is at . 16*15° 

Difference ■ ' - - - • 83*85° 

The condensed liquid at the bottom is at • . 16° 

The cooling water at the bottom is at. • . 10° 

Difference.5® 

6® is the following percentage of 88*86°>» - 6*96 per cent. 


The mean temperature diSeronoe between the condensed liquid and the 
cooling water during the second period, according to Table 1, is 
9^ « 0*339 X 83*86 := 26*42°. 


Table 62 has been oaloulated in this manner. It shows 

1. That the mean temperature dij^erenoe betmen vapour and 
water (first period) decreases viith the increase in temperature of t^e 
waste water, but that it is very little affected by the extent to wMoh 
the condensed liquid is oooled. In the latter respeoi the differences 
mdy be neglected in practice. 





BTJEFACB-CONDENSEES. 


261 


Table 52. 


The temperature diffedkioes between vapour and cooling water, 
and between condensed liquid 4 nd cooling water, for steam 
at 100°, 60° (611 mm.‘vacuum), 40° C. (705 mm. vacuum), for 
alcohol vapour at 80° 0. (83'6 per cent, by weight) in closed 
smrface-condensers. 

The figures pijnted vertically are the temperatures of the cooling 
water at the place where condensation ceases and cooling begi: s. 
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Table 52 — (coniimted). 


Original feemperatoxe I 
of cooling water. I 

Temperature of J 

condensed liquid. | 

Steam at 60® 0. (611 inrfi. vacuum). 
Latent heat = 564 calories. 

Pinal temperature of cooling water, . 

Steam at 40® C. (705 mm. vac.), 
ijatent heat =* 578 calories. 
Final temp, of coorg water, 

20= 

30» 

40' 

1 60» 

20® 

30“ 

B 

Mean tempeiature differences. 



*ka 

Ke 

e 

lue 

Kik 


®)nt 

^ine 


e 

lUC 

8».i 



B 

lun 


B 

me 


2-6“ 

5 

47-7 

17-3 

41-5 

17-3 

34-4 

17-6 

25-8 

17-2 

27-5 

12-7 

20 

12 

15-y 

12*7 


7*5 


21’2 

„ 

%1‘2 


20-7 

y 

20-4 


16 


15’8 




12-5 


26-9 


26-9 


26-1 

t»® 

25-8 


m 


20 




17 S 


30-8 

„ ' 

80-8 

It 

30 


2!>-5 


24 


24 

” 

9,4'.8 


22-5 

” 

85‘8 

” 

36-8 

>' 

35-4 

■ ' 

33-B 

tt 

28 

1. 

28*5 

„ 

28-5 

5^ 

7 

46-4 

16-2 

iO 

15-6 

33-3 

15-6 

25-6 

16-3 

27 

12-2 

19'7 

12 

15*1 

1L3 


10 

». , 

208 

M 

201 

u 

20'9 


•9-9 


14*4 


14 


14 


15 


26-1 

• ft*- 

26-4 

U® 

26-4 


25 

<0 

19-9 


19 


19 


20 


31 

„ 

80-1 


30-1 


29-6 


23-6 

6 

23*6 


23 


25 


34-7 

’’ 

33-8 

■’ 

33-8 

» 

33-1 

1. 

26-5 


26-5 

„ 

26-6 

10'' 

12 

44-37 

16-7 

38-8 

16'6 

31-7 

15-3 

24-8 

16-2 

24 

10-9 

18 

10-9 

13*6 

9*26 


15 


19-7 


19-4 

u 

19-2 


19 


13-7 


18’7 


18*6 


20 

6 

24-7 

i*rt 

24-2 


24 


23-8 

.tO 

17-8 

t.o 

17 H 

" 

17*8 


25 


28-5 


28 

*> 

27-8 

H 

27-55 


21-2 


21-2 


21*2 


80 


33 


82-6 

>■ 

32 

.- 

Sl-6 

.. 

25 


26 

„ 

24*3 

16f 

17 

42-78 

14-4 

36-9 

14 

30-3 

13-7 

22-8 

13-7 

22-8 

9-87 

16-2 

9-87 

12*6 

9-26 


20«r 


18-4S 

"•Jo 

18 

u 

17-1 

„ 

17-6 


12-5 


12-.5 


12*5 


25 


28-8 

»1tQ 

23-4 

JN 

22-8 


22-8 


162 


16*2 


16*26 


SO 

„ 

27-9 


27-2 

U^H 

26-6 


26-6 


19-5 

rH 

19’5 


19*6 


36 

” 

31 

’■ 

80-2 


29-6 

.. 

29-6 

tt 

22-5 

t, 

22-5 

„ 

22-26 

20» 

22 

— 

— 

34-9 

13-6 

28 

18-3 

20-9 

13 

_ 

■ 

14-4 

8-4 

10-8 

8-4 


25 

— 

— 

.. 

16-8 

u 

6-4 

.. 

5*9 

_ 

— 


10-8 




.w 

— 

— 


22 


21-6 


20-9 


_ 

,"s 

14-4 


14 4 1 


85 

— 

— 


15-2 

„ 

24-4 


24 

— 

_ 


17-4 


17-4 1 


40 




m 


28-3 

” 

27-4 

- 

1 

— 

" 


" 

■1 




2. That the mean temperatwe .difference between the condensed 
liquid and the cooling water {second period) is considerably affected by 
the extent to which the final temperature of the condensed liquid is to 
approach that of the cooling water, but that it does not depend to any 
great degree on the temperature of the waste water. In the latter 
respect the variations may be disregarded, and the mean temperatim 
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Table 62 — continued. 


§ 

1^- 

si 

ac 
*5 s 

® .2^ 

U r~i 

^S'o 
? « 

1 • 

Aloohc-l vapour at 80® 0., about 90'4 per cent, strength by volume 
• • « 86'3 peA- cent, by weight. 

Specific heat, <r s 0*8. Latent beat s 205 calories. 

Final temperature of the cooling water, t . 

20® 

SO® 

40° 

60° 

60° 

70® 
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Mean temperature difierences. 
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^wc 
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me 

u 
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K,c 
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®mc 


a-s" 

5 

79 
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1 

20-8 

53-9 

20-5 

46-9 

,20-3 

38-2 
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29-4 

19-3 
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,, 
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24*6 


23*8 
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00 

31-5 

H 

30-5 

iH 

29-9 

t-C 

29-7 


29*4 
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37 

It 
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M 
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»» 

85-3 

.. 

84-3 

1. 

83-9 

5° 

7 

67 

20'8 

58-8 
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52 

19-7 

45 

19-1 
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18-6 

28-5 
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10 
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■.'3-9 


23-1 


22-4 
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15 
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vH 

») 
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12 
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17-4 
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47-6 
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25 
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20-8 


26-9 

i 


>> 
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difference for the second ^riod may be Men f&r all cases as the mean 
of the temperature differences calculated for waste water temperatures 
of 20°-80°, without regard to the actual temperature of the waste water 
in the particular case. 

(b) The Ooefficients o^ Transmission of Beat, Jc, and k^. 

The coefficient, k„ for the passage of heat from steam to non-boiling 
water (first period) in open copper or brass tubes, is obtainbd from the 
empnioal expression: 

K = 750 ‘JF, yo-007 + V, . (202) 

This formula is founded on observations made in actual practice, on 











2b€ EVAPORATING AND CONDENSING APPARATUS. 

large and small condensers ol most varied forms; Vj denotes the 
velocity of the steam when it enters the condenser (initial velocity), 
Vf, the mean velocity of the cooling water, It appears to be un¬ 
questionable that the coefficient Df transniissioti of heat in these oases 
(condensation of vapours in spaces connected with the atmosphere or 
with an air-pump) increases with the velocity of the steam and water. 

The velocity of the current of steam naturally decreases in the 
condenser from the beginning to the end, when it is zero. This 
decrease is in no way uniform, but is first.rapid, then slower, following 
a curve outside our present scope. Since, however, the decrease in 
velocity must take place in almost all oases in the same manner, be¬ 
cause the essential conditions, which cause the decrease,'Are the same 
in all condensers, it is permissible to assume that tbe mean velocity 
of the steam, which is the factor to be considered hero, is in a simple 
proportion to the initial velocity. 

As already mentioned in Chapter VII., there are many causes 
besides the velocities which influence the transmission of heat. These 
influences be verj gr'eat and .often* of such a nature that they 
cannot be expressed mathematically. The incrustations, which always 
occur to a greater or less extent, and are <i priori quite indeterminable, 
often make any calculation deceptive; but also the position and direction 
of the surfaces, the width, shape and capacity of the hot space, the air 
mixed with the vapour, all alter the action to a considerable extent, 
.No equation can be given for which expresses all these factors. 

For coils and tubular coolers, through which the vapours pass 
equation '’202) may be used with some confidence. It is already 
corrected for an average diminution in efficiency dul to the furring of 
the cooling surface. For extraordinary casec k, may be taken some¬ 
what larger or smaller. Equation (202) holds good for cooling surfaces 
.of copper and brass; these have walls of .tolerably equal thickness, 
which may therefore be disregarded. For iron surfaces, partly because 
they generally are more furred than copper surfaces, the value of 
kf should be diminished by about 15 per cent,, for thick lead surfaces 
by about 30 per cent. 

In Table, 53 are collected the values for calculated by means of, 
equation (202), for initial veloqjties of steam of 1-65 and velocities!; 
of the cooling liquid of 0'001-4 m. These values, k„ are for the Art 
period—that of condensation. 

For the eeeond period, that of cooling, in which the transfer of heat 
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Table 53. 

The ooeffioieot of the (transmission of heat, k„ between steam, at low 
pressures a-d water, which does not boil, with copper tubes, for 
initial velocities of the-steam, Uj, of 1-65 m. and velocities of the 
water, iv^O’OOl 4'0 m. (First period). 


Velocity 
of the 
cooling 
liquid 
in m. 

t; 

1 

Velocity of the steam when it enters the condenser tube, Vd, in m. 

B 

B 













* Coefficient of transmission, kc. 

0-001 
0-008 
0020 
0-035 
0-050 
0-085 
0-117 
0-160 
0-210 
0 266 
0-3,35 
0-415 
0-505 
O-liOV 
0-720 
i:850 

1-oa 

1- 50 
200 

2- 50 

3- 0 

3- 5 

4- 0 

150 

187 

225 

262 

BOO 

8:17 

376 

412 

450 

4H7 

52.5 

562 

()00 

6-.i7 

675 

712 

750 

802 

945 

1013 

1087 

1140 

1200 

^10 

262 

315 

367 

42^ 

475 

.528 

5^'0 

634 

685 

742 

792 

846 

897 

91.5 

1004 

1057 

1207 

132;l 

1418 

1521 

1696 

1800 

300 

875 

450 

524 

600 

674 

760 

S24 

900 

975 

1050 

1124 

12(W 

1271 

U50 

1424 

155 

1724 

1892 

1.026 

2174 

2280 

2100 

,376 

448 

663 

665 

7.50 

842 

937 

1030 

1110 

1230 

1325 

1417 

1.500 

1592 

1687 

1780 

1925 

2155 

2362 

2SS-2 

2717 

281» 

3000 

_ 

450 

6S2 

675 

786 

900 

1011 

1126 

1236 

1350 

1461 

1575 

1686 

1800 

1912 

20-25 

2130 

2350 

2586 

2835 

3089 

3261 

3420 

3600 

525 
655 
788 
917 
10.50 
1179 
1312 
1442 
1575 
1704 
1837 
1967 
2100 
2 m 

2:362 

2452 

2025 

3017 

3307 

3545 

3804 

3990 

4200 

600 

750 

900 

1048 

1200 

1348 

*!i00 

1648 

1800 

1948 

2100 

2248 

2400 

2548 

2706 

2848 

3000 

3448 

3780 

4052 

4348 

4520 

4800 
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843 

1013 

1179 

1350 

1516 

1687 

1834 

2025 

2191 

2362 

2529 

2700 

2866 

3037 

3154 

3375 

3379 

4252 

4558 

4891 

5130 

5401 

750 

9.37 

1125 

1310 
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1685 

1875 

2060 

2250 

2485 

2727 

2810 

3(100 

3185 

3875 

3560 

3750 

4310 

4725 

|.5065 

,54.35 
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1238 

1441 

1650 

1853 

2062 

2266 

2475 
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2987 

3091 

3300 

3503 
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3868 
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4741 
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6978 

6270 

6600 
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1350 
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2022 

2250 

2472 

2700 

2922 
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,1872 

3600 

3822 

4050 

4272 

4600 

5172 
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6340 

7200 
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2190 

2437 
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3412 
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ilU) 

4387 

1,578 
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5603 

6142 
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2356 
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2884 

3150 
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3675 

3934 

4200 

4459 

4726 
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5250 

6034 
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7609 

7980 

3400 

1125 

1400 

1688 

1965 

2250 

2527 

2812 

3090 

3375 

3692 

3937 

421/5 

4500 

4777 

5062 

6390 

6025 

6465 

7087 

7597 

8152 

8550 

9000 

1206 
1500 
1800 
2100 
2400 
2696 
SOOC 
3296 
3640 
3896 
4200 
4496 
4800 
5096 
5400 
5696 
6000 
6896 
75 0 
8104 
8696 
,1120 
9600 


is between the condensed liquid and the eoohng liquid —between two 
liquids—another coefficient, holds good. 

The coefficient of tranftnission, fcj, for the transfer of heat between 
two liquids moving with different velocities, is taken from equation 
(231) in the folio wing chapter, for copper tribes; 



1 + ^ 1 "b 6 >/u/2 
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I 

In this expression denotes the velocity of one liquid, of the 
Other. 

Table 64 gives, by equation (232), the values of fc, for velocities of , 
the two liquids, and lyj, from (J'001-2 m 

The velocity, ®yj, pf the cooling liquid (generally water), which is 
rising and being he.i,ted, may be determined in any case after the con¬ 
struction of the apparatus, but is generally calculated previously; ,it is 
usually very low. As a rule, in cooling vessels the water rises with a 
velocity of 1-3 mm, per sec., although there is at times an endeavour 
to attain a higher velocity. Occasionally 160 or even 200 mm. per sec. 
is reached- , , 

Apart from the unifprm initial velocity, the cooling water acquires, 
through being heated on the hot surfaces, particular movements, the 
velocity of which may depend very largely on the' temperature 
difference, the absolute temperature and the shape of the cooling 
surface. Thus the original velocity alone is not all. The warmer the 
cooling water is, the more readily it takes up heat (see the example on 
p. 32). _ ' r >■ 

The velocity, of the condensed liquid running down in the 
condenser isi not known. It is generally greater than that of the 
cooling liquid. Certain observations lead to the oonclusion that it is 
rarely more than 1 m. pe: second; is therefore taken at O'SOO. 
This holds good for cooling autfaops, which are wetted all over by the 
condensed liquid which is to be cooled. It is almost universal in 
practice to find only a portion of the cooling surface wetted. There¬ 
fore,* for wtical tubes the calculatjd surfaces must be approximately 
doubled. In coil coolers, in which the liquid only mis down on the 
lower part of the inner wall of the pipe, the-upper and larger part 
remains unused, therefore the calculated cooling surface, H*, for coils, 
must be multiplied approximately by 3. 

(c) The Condensing and Cooling Surfaces, and fl,. 

We have now determined the dimensiofis of the principal factors, 
d«o. K Arid k„ upon which depend the size of the condensing 
surface, H„ and cooling surface, E,; we now proceei to calculate the 
whole surface necessary. It is 

= H, + . . . . (203) 
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In order to facilitate the estimation of the condensing and cooling 
surfaces necessary in eaoh|8epirate case, Table 54 is given, from \^ioh 
may be taken the oUrfaoes for condensing ani cooling 100 kilos, of 
water or alcohol vSpour^er h«ur. 

Table 64 consists of two parts. Part I. give* the surface, 7/,, 
required for condensing 100 kilos, of steam at 100°, 60° and 40° C., 
and of aqueous alcohol vapour at 80° C. (8G'3 per cent, by weight), in 
one hour, with vapour velocities of 1-64 m. and cooling water velocities 
of O'OOl-l'OO m. per sec. Part II. then, gives the surface, ff,., re¬ 
quired for cooling the condensed liquid. 

In using Table 54 it is therefcae necessary first ta seek in Part I. 
the surface necessary for condensation, and to add .to this the surface 
required for cooling, obtainbd from Part II. and multiplied by 2 or 3. 

It was assumed in .calculating this table {hat the cooling water 
enters at 10° G., which is its ordinary temperature. It the water is 
colder in any particular case, the surfaces may be somewhat smaller, 
if warmer, they must be increased in proportion to the temperature 
differences given in Table 54* Tlte figures are for coppe.r heating 
surfaces. Iron surfaces must be 10-20 per cent, larger, lead surfaces 
20-30 per cent, larger. An addition must also be made for ex¬ 
ceptionally thick walls. 

The first part of Tabli! 54 is based on the assumptirtn that all the 
vapour which entc]., the condenser is to be cibndensed. H this is not 
•the case, but only a pari of the entering vafiour is to be liquefied, the 
other palt leaving the condenser as vapour, then the capacity of the 
cooling surface inoreases_,poneiderably. The increase depenir*jn the 
velocity with whieff the vapour loaves. In such eases the sum of the 
initial and final velocitiestif the vapour to b'^taken as the basis of 
calculation. 

The cooling surfaces gi^n for the condensation of steam at 40° C. 
are probably too low; it would be well in constructing apparatus to 
make them somewhat larger than is indicated in Table 54—say 15-20 
per cent, larger. It appears^that highly rarefied steam communicates, 
its heat less rapidly than high pressure steam; this may be on account 
of the greater distance apart of the molecules or on account of the 
slugpshness due to this cause. Tabk 54-assumes that the vapour- 
passes through the tubes and the water flows outside them. If the- 
reverse be the case, the greater velocity of the water is more favour¬ 
able and the lower velocity of the steam less favourable, but generally 
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Table 54. Pabt I. 

The poo'ing surfaces, and in sq. m., requisite to condense and 
cool in one hour 100 kilos., of steam at 100° 0., 100 kilos, of steam 
at 00° C., 100 kilos, ot steam at 40’ C., and 100 kilos, of aqueous 
, alcoholic vapour at 80° C. (86-3 per cent, by weight). 

The steam enters at velocities, Vj, from 1-64 m. The cooling water 
has velocities, from O'OOl-l'OO m. ‘ 

The initial temperature of the cooling water, = 10° C. The final 
temperature of the cooling water, 4. = 20°-80° C. 

The condensed liquid leaves at 2°-25° 0. above the initial temperature 
of the cooling water. • , 


steam at 100° C. (atmospheric pressure), c . 5.S7. 


Final temperature of the coolmg water, h. 


20 

30 

40 

' 

50 

GO 


80 

The 

cooling 

surface 

He. in 

sq. m., 

requires 

to 


condensie 100 kilos, of s 

team per hour. 


4-29 

4-62 

5 . 

5'45 

6-20 

6-90 

8-40 

3'43 

369 

4 

4-36 

4-96 

5-52 

6-72 

2-86 

3’08 

3-24 

3-64 

4-14 

4-60 

5-60 

1-43 

1-54 

1-67 

1-82 

2-07 

2-30 

2-80 

0-86 

0-93 

100 

1-09 

1-24 

1-40 

1'68 

3-52 

3-78 

4’10 

4-47 

^•10 

5-66 

7-00 

2-81 

3-90 

3-28 

3-58 

4-08 

4-53 

5-60 

2-36 

, 2-52 

2'74 

2-98 

3'40 

3-78 

5-34 

1-18 

1-26 

1-37 

1'49 

1'70 

1'89 

2-67 

0-71 

0'76 

0-82 

0-89 

1'02 

113 

1-40 

3'01 

a'27 

3-54 

3-83 

4'40 

4-90 

600 

2'41 

2-61 

2-83 

306 

3-52 

3-92 

4-80 

2-02 

2-18 

2-36 

2-56 

2-94 

3-28 

4-00 

101 

1'05 

m. 

1-28 

1-47 

1-64 

2-00 

0-61 

0-66 

0'71 

0'77 

0-88 

0-98 

1-20 

2-15 

2-31 

2'50 

2-73 

310 

3-45 

4-20 

'1'72 

1-85 

2-00 

2-18 

2-48 

2-76 

3-36 

1’44 

f'64 

1'66 

1'82 

2-08 

2-30 

2-80 

0-72 

0'77 

0-83 

0'91 

1-04 

1-15 

1'40 

0-43 

0'46 

0-60 

0-55 

0-62 

0-70 

0*84 
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Table 54. Part 1.—{continued). 


I 

Steam at 100° C. (atmospheric pressure), c = 637. 

• ft * 


Initial 
velocity 
of the 
steam. 

V., 

Velocity 
of the 
ooolTng 
water. 

Vf 

Final temperature of the celling water, tke. 

20 

30 

40 

50 

60 

70 

‘^0 

The cooling surface' H«, in sq. m., required to 
condense 100 kilos, of steam per hour. 


• 









HiiiiiTH 

1-43 

1-54 

1-67 

1-82 

•2-07 

2-30 

2-80 


HiniSiH 

l-U 

1-25 

1-50 

1-.38 

1-66 

1-84 

2-24 


0-020 

e-90 

1-02 

1-12 

I- 2 S 

1-38 

1-54 

1-88 


0-210 

0-45 

0-51 

0-56 

0-61 

0-69 

0-77 

0-94 



0-29 

0-31 

0-36 

0-37 

0-42 

0-46 

0-56 



1-08 

1-16 

1-25 

1-36 

1-55 

1-73 

2-10 


0-009 

0-86 

5-95 

1-00 

1-09 

1-24 

1-38 

1-68 



0-58 

0-64 

‘ 0-68 

0-74 

0-84 

t)-&2 

1-12 


0-210 

0-29 

0-32 

0-34 

0-37 

0-42 

0-46 

0-56 



0-22 

0-24 

0-26 

0-27 

0-31 

0-36 

0-42 

20 


0-96 

1-04 

1-12 

1-22 

1-38 

1-54 

1-88 



C-77 

0-83 

0-89 

0-97 

1 - 10 . 

1-23 

1-30 


0-020 

0-64 

0-70 

0-75 

0-82 

0-90 

1-02 

1-26 



0-32 

0-35 

O'SS 

0-41 

0-46 

0-51 

0-63 


1-000 

0-20 

0-21 

0-23 

0-25 

0-28 

0-31 

0-38 

26 • 

0-001 

0-86 

0-93 

1-00 

1-09 

1-24 

1-38 

1-68 


0-009 

0-71 

0-75 

0-80 

0-87 

1-00 

1-lit. 

1-34* 


0-02G, 

0^8 

0-62 

0-67 

0-72 

0-64 

0-90 

1-12 


0-210 

0-29 

0-31 

0-34 

0-36 

0-32 

0-45 

0-56 

IH 

1-000 

0-17 

0-19 

0-20 

0-22 

0-26 

0-28 

0-34 


T 


difficult to asoertam. The efficiency of the condensing surfaces may 
then be taken at about 20 per cent, less than that given in the table, 
to which extent the surfaces should therefore be increased. 

}'.xample,’—l00 kilos, of steam at 100^ G. are to be condensed and the liquid 
cooled to 15° G. The cooling water is originally at 10° and is to flow away at 
60° C, The steam enters with the velocity, Vd « 38 m., the water with the 
velocity, Vf = 0*002 m. 

In order to condense 100 kilos, of steam, (687‘100) 100 = 63,700 calories must 
be withdrawn from it. In order to cool 100 kilos, of water from 100° to 16° 
(100*15) 100 s 6500 calories must be abstracted. 
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Table 64. Paet L—(continued). 



f 

Steam at .100® C. (atmospheric pressure), 

= 537. 


n 


0 

Final temperature of the cooling water, tt,. 

Initial 

Velocity 








velocity 

of the 

20 

30 

40 

50 

(10 

70 

80 

of the 

cooling 










' 









TVie cooling surface 

, fl- in sq. m., required to 




condense 100 kilos, of steam per hour. 


Vd, 

Vf 








30 

0-001 ■ 

0-78 

0-84 

0-92 

1-00 

< 

1-15 

1-26 

1-54 


0-009 

0 -6-2 

0-67 

0-73 

0-80 

0-92 

1-00 

1-23 


0-090 

' 0-62 

0-56 

0-62 

0-67 

0-76 

0-84 

1-04 


0-210 

0-26 

0-28 

0-31 

0-34 

0-38 

0-42 

0-52 


1-000 

0-16 

0-17 

0-19 

0-20 

0-23 

0-26 

0-31 

36 

0-001 

0-72 

0-77 

0-83 

0-91 

1-04 

1-15 

1-40 


0-009 

0-67 

0-61 

0-66 

0-73 

0-83 

0-92 

1-12 


' 0-020 

0-48 

0-52 

0-'56 

0-62 

0-76 

0-78 

0-96 


0-210 

0-24 

0-26 

0-28 

0-31 

0-38 

0-39 

0-47 

, 

1-000 

0-15 

0-16 

0-17 

0-19 

0-21 

0-23 

0-28 

49 

0-001 

0-62 

0-66 

0-72 

0-78 

0-89 

1-00 

1-20 


0-009 

0-50 

0-53 

0-58 

0-62 

0-72 

0-80 

0-96 


5-020 

0-42 

0-44 

0-48 

0-68 

0-60 

0-68 

0-80 


' 0-210 

0-21 

G-22 

0-24 

0-29 

0-30 

0-34 

0-40 


1-000 

0-13 

0-14 

0-15 

0-16 

0-18 

0-20 

0-24 

64 

0-001 

0-54 

0-58 

0-63 

0-68 

0-78 

0-87 

1-05 

C 

0-009 

0-44 

0-47 

0-61 

0-55 

0-62 

0-71 

0-84 


0020 

0-36 

0-38 

0-42 

0-46 

J)'52 

0-68 

0-70 


0-210 

0-18 

0-19 

0-21 

0-23 

0-26 

0-29 

0-35 


1-000 

0-11 

,0-12 

0-13 

D-14 

0-16 

0’18 

0-21 


r 


According to Table 52, the temperature dil!erences for the present case are 
^me 5B‘7° and 9mi = 27'?*’, and the coefhcient of transmission, according to 
Table 53, is in the first period (condensation) kc =: 830, and in the second period 
(cooling), according to Table 63, « 212. 

The cooling surface for the (first) period of condensation is therefore 
C 58700 

• “830 X 58'7 “ 

The cooling surface for the (secbnd) period of cooling would be 
C 8500 

“ h«mK ~ 2i2 X 27'7 “• 

il it were all UBeS. The cooler, however, is to be made in the form of a coil; the 
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Table 64. Part I.— (continued). 


SteasI at 60° C. 


Steam at iQ° C. 


Vacuum = 611 mm. Vacuum = 705 mm. 
c = 664. ' c = 677. 


luitial Velocity 

velocity of the 
of tiie cooling 

steam. water. 


Final temperature of the cooling water, ft. 


20 I 30 40 * 50 20 30 35 


Cooling surface, in sq. m., required to 
condense 100 kilos, of'steamper hour. 


4-00 4-68 5-60 
3-24 3-90 4-20 
2-70 212 3-68 
1-36 1-56 1-84 
0-81 *0-94* 110 
2'70 3-13 3-70 
216 2-60 2'96 
1'80 2'10 2-48 
0-90 1-05 1-24 
0-54 0-63 0'74 
203 2-34 2-75 
1-62 1-87 2-20 
1-36 2'56 1-84 
0'68 0-78 0-92 
«’41 047 0-56 
1-62 1-88 222 
1*30 1-60 117 
1-08 1-26 1-48 
0-5^ 0-63 0-74 
0'33 0-38 0'44 
1-36 1'87 1-86 
1-09 1-26 1-51 
0-92. 106 1-24 
0-46 0-53 0-62 
0-27 0-32 0-38 


6-76 10-20 
5-41 8-16 
4-52 6-80 

2- 26 3-40 
1-36' 2;04 
4-51 6-80 

3- 61 6*44 
3-02 4-54 

1- ol 2-27 
0-91* 1-36 
3-38 *6-10 

2- 71 4-08 
2-26 3-40 

1- 13 1-70. 
0-68 1-02 

2- 71 4-08 
2-19 3-26 

1- 86 2-72 
0-93 1-36 
0-55 0-82 

2- 26 3-40 
1-81 2-72 
1-62 2-28 
0-76 1-14 
0-46 0-68 


cooling surface must therefore be increased to about 3 x 1-44 = 4-32 sq. m., since 
only one-third is really active. The total surface is therefore 
Hot = 1-13 -f 4-32 = 5-45 sq. m. 
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Table di, Paet 1.—{continued). 


Ai^ueous alcohol vapounat 80^ G. (80*8 per cent, strength bj weight = 
per cenfli by volume), t * 

« 

= 90 





c » 

252. 

t 




Final temperature of the coblihg water, tke. 

Initial 

Velocity of 







velocity of 

the cooling 

WM 

■N 





the vapour. 

water. 





60 

70 



f 

Cooling surfaces, Hs in sq. m., required to 



condense lOOfkilos. of vapour per hour. 

Vi 

Vf . 







1 


2-60 

3-03 

■ 

3-33 

3-87 

4-59 

6-18 



2-08 

2-42 

3-66 

3-11 

3-67 

4-95 



1-74 

2-02 

2-22 

2-58 

3-06 

4-12 



0-87 

1-01 

1-11 

1-29 

1-63 

2-06 

* 


0-52 

0-61 

0 66 

0-78 

0-92 

1-24 

2 

0-001 

1-84 

2-15 

2-36 

2-74 

3-25 

4-38 

f 


1-47 

1-72 

1-89 

2-19 

2-60 

3-50 



1-24 

1-44 

1-58 

1-84 

2-18 

2-98 



0-62 

0-72 

0-79 

0-92 

1-09 

1-49 


1-000 , 

0-37 

0-43 

0-48 

0-55 

0-65 

0-88 

i 

0-001 

1-30 

1-57 

1-67 

1-94 

2-30 

3-09 



1-04 

1-26 

1-34 

1-55 

1-84 

2-47 



0-88 

1-06 

1-12 

1-30 

1-54’ 

2-06 



0-44 

0-53 

0-56 

0-65 

0-77 

1-03 


1-000 

0-26 

0-32 

0-34 

Qh39 

0-46 

0-62 

6 

0-001 

1-04 

1-21 

1-.33 

1-55 

1-84 

2-47 


0-009 

e-83 

0-96 

1-06 

1-24 

1-47 

1-97 


0-020 

0-70 

0-82 

0-90 

1-06 

1-24 

1-66 


0-210 

0-35 

0-41 

0-45 

0-53 

0-62 

0-83 


1-000 

0-21 

0-24 

0-27 

0-32 

0-37 

0-50 

9 

0-001 

0-87 

1-01 

1-11 

1-29 

1-53 

2-06 


0-009 

0-71 

0-81 

0-89 

1-02 

1-22 

1-65 


■ 0-020 

0-58 

0-68. 

0-74 

0-86 

1-04 

1-38 


0-210 

0-29 

0-34 

0-37 

0-43 

0-52 

0-69 

• 

1-000 

0-18 

_i_ 

0-21 

0-22 

0-26 

0-31 

0-42 


In the practical construction of apparatus the original temperatun 
of the water is frequently unknown, and also several other oonditioni 
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Table 54. Pabt II. 


The cooling surface, Si, for cooling. 


100 kilos, of condensed steam 
alflOO" C. per hour. 


100 kilos, of condensed 
steam at 60“ C. (611 
mm. vacuum) per hour. 


Temperature difference between initial temperature 
of the cooling waterrfrnd final temperature' 

• of the condensed liquid. 


10" 16“ I 20“ 1 26” 


2“ 6” »” 16“ 20' 


Cooling surface in sq. m. 


lifll 

2-00 

l-/i2 

1-15 

0-92 

■ 


1-60 

1-21 






iPiii 

lilal 

!i^ 

0-56 

0-210 


liim 

0-48 

0-40 

0-35 

1-000 

■ 

0-46 

0-34 

0 28 

■ 


0 
0 

0-49|l 
0-8l[ 
0 


i-TOjl 

I'Seh 


1-2] K1 


60!1-18 

28;()-95 

12 ; 0'83 

|0'69|0'61 

:)-48i0'8,'j 


0-88 

0-6ti 


0'68b-5fl 
0-54b-4(l 
0'58I0'44;0'35 
0-8Cj0'27|O-22 
0'250-19:0'J.5 


•O'OOl 

0009 

• 0'020 

0-210 

1-000 


100 kilos, of condensed steam 
at 40’ C. (705 mm. 
vacuum) per hour. 


100 kilos, of condensed 
aqueous alcohol at 
80“ C. (86 .8 per cent, 
by weight). 


Cooling surface in s^ m. 


0-001 

■ 

■ 

M 


0-22 


1-35 

M 

0-80 




0-009 

1-12 

S" 


0-29 

0-18 

— 



0-64 

— 

— 


0-020 

D-98 

X > 



0-16 

— 



0-56 

-- 

— 


0-210 




0-16 


— 


0-46 

0-35 

— 

• - 


1-000 

n 

■ 

1 


■ 


1 


0-24 


— 

IH 


The initial temperature of the cooling water is taken at Ih = 10“ C. 

These oooling surfaces hold good only for surfaces entirely wetted. In the case 
of vertical tubular ccolers these surfaces must be at least doubled, in worm coolers 
they must be at least trebled. 


18 
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cannot be exactly estimated beforehand; it is therefore necessary to 
mabe aliowances for these uncertainties. The following assumptions 
appear to be quite reasonable:— 




Steam. 


Aqueous 

alcohol 

vapour. 

The vapour to bo condensed 
is at - - ' - 

100° 

60° 

40° 

80° 

It enters the cooling coil with 
the velocity - - = 

'30-50 

40-60 

45-05 

4-5 m. 

It enters the tubular cooler 
with - - - = 

20-30 

20-30 

25-36 

2-3 m. 

The velocity of the \ , ater should 
be as great as possible and 
at least - - - = 

0-001 

0-001 

0-001 

0-001 m. 

The initial temperature of the 
water is taken at - fj, = 

10° 

10° 

10° 

10° 

The fjna’ temperature of the 
water is taken at - 4, = 

70°-80° 

40°-.50“ 

30° 

60° 

The condensed liquid is cooled 
down to - - - <„ = 

15” 

15° 

15° 

12° 


For the sake of convenience in 'making similar calculations two 
other tables are given, the first of which, Table 56, contains the 
weights of steam at 100°, 60°, 40° and 36° 0., and of alcohol vapour, 
' ether^yaponr and air, which pass through pipes of 10-100 mm. dia¬ 
meter in one hour with a velocity of 1 m. per sqcond. At any other 
velocity, Vg, the weight of vapour passing js times as great. 

The second Table, 56, gives the quantity of water which rises in 
one hour with a velocity of O'OOl m. in vessels of 300-1260 mm. dia¬ 
meter. If the velocity be % the quantity of water is v,^ times as 
great. If the quantity of water and the diameter of the vessel are 
known, Table 66 gives the velocity, v^. 

(d) Esiimalmi of the Dimnsims, 'd and I, of the Cooler Tubes. 

As with evaporator tubes (Chapter VIII., Table 13) so also with 
condenser tubes, in which vr.pour is to he liquefied, it is necessary to 
calculate not only their cooling surface, E„ but also the actual 
measurements, i.e., to estimate their length and diameter, since too 
long tubes would be inactive at the end. 
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Table 55, 


The weight of steam, in kilos., which passes through tubes of 1(M00 
mm. in diameter |n on^honr at the Telocity, = 1 m. per second. 


Steam. 

Diameter of tbe tube in mm. 

• 

Pres¬ 

sure. 

f 

Tem- 

pera- 


ture. 








• 






A.tmos. 


mi 

16 

El 

26 

ESI 

86 

40 

mi 

60 

70 

80 

90 

ECU 

abs. 

“0. 












• 


3 

134 

• 

D-48 

1-08 

1-92 


4-32 

P 

7-66 

11-8 

17-2 

fe!3-6 

30'6 

38-9 

48-9 

2'6 

128 

>40 

SEl] 

iPiB 

2«2 

3-66 


6-43 

9-78 

14-6 

18-9 

25-7 

32-7 

40-0 

2 

121 

>33 

8-74 

1-31 

2-05 

2-96 


6-28 

7-95 

11-8 

16-1 

Rwil 

26-6 

38-0 

1-fi 

112 

>25 

0-66 

1 -oe 

1-66 

to 

3-00 

4-00 

6-03 

8-99 

12-8 

16-9 

mSm 

26-0 

1 

100' 

3-17 

0-383 

0-085 

1-07 

Iff 

RgR] 


4-27 

6-16 

8-48 

10-9 

13-9 

17-0 

0-1% 

GO 

>04 

Mil 

0*148 

0-28 


0-43 

0-69 

0-93 

1-33 

1-79 

2-86 


3-66 

OT,-] 

60 

>028 

0-063 


0-16 

0-21 

0-29 

0-38 

0-60 

0*87 

1-14 

1*50 

kES 

2-34 


40 

imigl 

0 088 


0-09 

0-18 


am 

086 

■M 

iwfll 

0-92 

1-17 

1-43 


35 

0-011 


Mg 



0-l| 

0-18 


0-40 

0-64 

0-J2 

m 

1-11 




The weight of 

the vapour of aqueous alcohol. 



1 

80” 



14-0 


25-0 1*1-8 139-0 






The weight of ether 

vapour. 

6V0 



n 

37-6” 



30-0 141-0 



■ 






The weight of air. 





B 

iq” 

D'36 

yl 

1-38 

2-16 

3-114-21j6-64 

8-65jl2-6 

16-9 

21-1 

28-0 

84-6 


Table 56. 


The weight of water, W, which rises in one hour at the velocity, 
Vf ^ 0 001 m., through wessels of 300-1250 mm. diameter. 


Diameter of vessel- 
Weight of water, W 


360 

346 




660 

865 




750 

1590 

Diameter of vessel- 
Weight of water, W 


860 

2042 

900 

2289 

960 

2620 




1160 

3738 


1260 

4417 


Prom the condition, that the quantity of heat given up by the 
condenser tube to the cooling water in unit time must be equal to 
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( 

the heat of eyaporation (or condensation) of the vapour introduced,- 
we pbtain the equation ; ^ 

I, ja_ 

njcjSl = (204) 

Inserting theAralues of E, and k„ we obtain 

dvf750 Jvi yO OOT + “ ^®j3600cy, 

from which 


3 “ V0'007 + !>/■ ■ ■ 


. (205) 


From this equation, the most advantageous proportion of the 
length to the diameter of the condenser'tube may be calculated for 
each special case. ' . ' 

The great number of possible variations, due to the many variable 
factors, compels a restricted choice of the cases to be treated in 
tabular form. 

In Table 57 are arranged the ratios of the dimensions of the 
I 

tube, jxaloulated by means of equation (205), for the condensation 

qf steam at 134°, 121°, 100°, 60“ and 40° C., and alcohol vapour at 
80° C. (86'.3 per cent, by weight = 90’4 per cent, by volume), which 
enter the lube with velocities, v,, = 4-64 m., for water velocities of v, 
= 0'001-3’0 m. and mean temperature differences, $„ = l()°-70°. • 

The following is the method of using the table; After' fixing the 
desired entrant velocity of the steam, v^, the su.tahle diameter of the 
tube is obtained, for the quantity of steam to' be condensed, from 
Table 55 by a slight; calculation. Table 5'2 gives also the temperature 
differences in both periods (condensing and cooling) lor the known 
or assumed initial and final temperatures of the cooling water. 
Table 57 gives from these the proper ratio of the length of the tube 
to its diameter. 

The size of the resulting surface oi condensation, E„ may then be 
calculated from the dimensions of the tube. 

The surfaces, flj, required for cooling may be taken direct from 
Part II. of Table 54 and multiplied by 2 or 3 before use. 

All these.assumptions and tables are for copper and brass tubes 
for those 6f iron or lead the additions, already frequently mentioned 
must be made. 
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* 


Table 57. 

, length of pip6 I , .• , 

The ratio, of copper condensing pipes (coil^ for 

steam at 134‘’,*121'’,*100°, j60°, 40° f)., and aqueous alcohol vapour 
at 80° C. (86‘3 per cent, by weight), when the,vapour enters at 
velocities of = 1-64 m. and the cooling water has velocities 
of,«/ = O-OOl-3'O m., with temperature differences between 
vapour and ’cooling water of d,„ = 10°-70°^ C. 
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Table 67 — (continued). 



In the case of oily substances, or of steam which is bringing oily 
substances with it, tlje calculated heating surfaces must be approxi¬ 
mately doubled for praeticat use, because oily matter sticks to the 
walls and considerably diminishes the conduction of heat. 

The figures apply only to pipes of circular section, which are 
generally used; for pipes of other sections different values must be 
taken. 
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Table 57— {coniinned). 


h 

O 

■g.S 

% 

a 

|g 
a g 

Sta 

e.n 


1 

Steam at 40*^ G. 
Velocity of steam on 
entering, t’j, iu la- 


oi 

*<- 

•^60 

9 

? o 

% 

-SIS 

Cl^ 
g3 0) 

0) h 

Aqueous alcoholyapour 
at 80® C. = 86-8 per 
cent, by weight =s 90 
per cent, by volume. 
Velocity of vapour on 
• entering, i-^, in m. 

4 


16 

25 

86 

49 

64 

1 

2 : 

4 

6 j 

9 

a 

m. 

°c 



Katie 

1 

4' 



• 

m. 

°0. 

Ratio, . 

d 

OWl 

30 

12 


M 



42 

48 



30-7 

43 

61 

74 

92 

122 


20 

18 





63 

72 



37 

62 

74 

89 

111 

148 


16 

24 


Kin 



84* 

96 



46 

65 

92 

111 

138 

184 


10 

3C 




TTll 

126 

144 



61 

85 

122 

146 

183 

244 

0-009 

80 

9 

III 



28 

38 

87 



92 

124 

184 

216 

276 

368 


20 

14 

21 


l!» 

42 

49 

66 


60 

24-6 

84 

49 

59 

78 

98 


15 

19 

28 


46 

56 

65 

74 


60 

29 

40 

68 

69 

87 

116 


10 

28 

42 


70 

84 

98 

112 


40 

37 

52 

74 

89 

111 

148 

0020 

30 

8 



20 

24 

27 

31 


30 

49 

60 

98 

109 

147 

196 


20 

12 




35 

•41 

47 


20 

74 

104, 


178 

222 

296 


15 

16 



m 

48 

56 

64 

0020 

60 


29 

fi 

50 

61 

82 


10 

24 


mn 

59 

71 

88 

94 


60 

24-6 

84 

49 

59 

74 

98 

0-210 

30 

4 


8 

10 

12 

14 

16 


40 

30-8 

43 


74 

92 

129 


20 

6 



15 

18 

21 

24 


30 

41 

58 

82 

99 

123 

164 


15 

8 



20 

24 

28 

32 


20 

61 

86 

122 

146 

183 

244 


10 

12 

■HI 


in 

36 

42 

48 

wmin 

60 

inw 

15 

20 

25 

31 

41 

1-000 

30 

2-3 

3-5 

4-6 

6 

7'0 

8’3 

9'5 


60 

12'3 

17 

25 

29 

37 

49 


20 

^’6 

6-8 

VI 

8'9 

10-6 

12-6 

14-( 


■ 40 

16-3 

21 

81 

86 

40 

61 


16 

4-7 

7-1 

9-6 

11-8 

14-2 

16-5 



30 


29 

41 

49 

61 

81 


10 

7*1 

10-6 

14-2 

17'7 

19-3 

24-8 

28-( 


20 

IbuB 

43 

61 

74 

92 

122 











60 

6’: 

8-5 

12 

16 

18 












60 

7-( 



le 

22 

22 






e* 





40 

9’S 

12-' 

fl 

22 

2f 

37 











80 

12'S 

17 

2f 

2c 

S' 

49 






i 




• 

26 

» 

18-4 

26 

31 

44 

St 

78 


Example.—300 kiloa. ol stejm at 100° 0. are to be condensed, and the con¬ 
densed water cooled down to 20° 0., by means of water which becomes heated 
from 10° to 70°. 


The velocity at which the steam enters is taken to be about 40 m. and the 
upward velocity of the cooling water to be 0 , = O'OOl m. , 

According to Table 65,300 kill's, of steam pass through a pipe of 65 mm. bore 
in one hour with a velocity of 42 m. Thus the boro of the tube is fixed at 65 mm. 

Table 62 shows that, under the conditions given, the mean temperature 
diSerenoe in condensing, = 62'6°, and itf ooolfhg, = 84'8°. 

It then follows from Table 57 (by interpolation) thaty- 242, hence the 
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Table 58. 

Examples of the dimensions of condensing and cooling tubes of 10-100 
;nm. diameter, for steam at 100°, 60°# 40°, and aqueous alcohol 
vapour at 80“ C.,'for veloqities of 40-20 and 2 m. respectively. 


Diameter of lubo, mm. 


Steam at 100®, entering with the velocity, ssf40 m. 
Water heated from 10® to 70®; velocity of water, V/ = O’OOl m. 
Condensed liquid ut 15“; = 52'6“, = 27-4", 1 = 234-7. 

, Copper coils. 


Steam condensed by 
tube per hour, kilos. 
Eor con- \length 
densation/sq. m. 

For cooling 

Total length of tube, I 


Steam at 100°, entering with the velocity, v,, = 20 ra. 
Water heated from 10° to 70°; velocity of water, ly = 0-001 m. 
Condensed liquid at 15°; - 62-5°, = 27-4°, ^ = 170. 

. Vortical cooling tubes. 


Steam condensed byi 
• tube per hour, kilos. I 3-4 7-6 13-7 


;th 6-80 8-0010-0 11-81 LS-O 16'J 



= 170. 

277 

340 

15 3 

17-0 

4-28 

6-2C 

29-8 

82-4 

8-82i0*2 

46-5 

^7-4 


For cooling 
Total length 


Steam at 60°, entering with the volooity, Os = 40 m. 
Water heated from 10° to 40°; velocity of water, V/ = 0 001 m 
, Condensed liquid at 16°j 6„, = 31-7°, 6„n = 19-2°, -j =• 95, 
Vertical tubes. 

Steam condensed* by-“”«■ j 

tube per hour, kilos, j.^ j.jq J.2013-2 17-2 23-6 37-2 52 2 716 97 4 1201 

Tfnrcon 1'“®''*' 0-95 1-43 1-91 2-88 2-85 3-38 3-80 4-76 6-70 6-65 7-60 8-65: 

• TnaatioD-’®*'- 0-03 0-07 0-12 0-18 0-28 0-37 0-45 0-74 1-06 1 46 1-90 2-39 

. 1 length j.jQ q.Y6 2.20 2-80 8-20 4-00 4 4 0 5-60 6-60 7-70 8-8010-0; 

For cooling /sq. m,l,,n 34 o-ns 0-13 0-22 0-80 041 0-55 0-88 1-28 1-68 2-22 2-84! 


034 0-08 0-13 0-22 0-80 041 0-55| 0 


Totiillength of tube, If Z’OsI S'lsl 4‘lo| S'lsl 6 05[ 7‘^| 8'^|^'35|l2‘3 |l4'4 |66‘4 IIS'S 
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lit ' ' 

Diameteroftube,mm. 19 16* 20 25 1 30 35 40 60 l 60 70 80 90 


Steam at 60®, entering with tl^ velocity, Va = ‘-^0 m. 

Water heated from 10° to 40°; velocity of water, ly = 0 001 m- 

Condensed liquid at 15®; * 81'7°, = 10*2®, ~ » 65.’ 

a 

♦ Vertical tubes. 


Steam condensed bv i 

tube per hour, hilos. 074 1*66 2 86 4*62 6-60 8*6411'8 WU m 35 r47’2 60 0 ^ ’ 

For con- llenj^lh 0*65 0*97 1*80 1-63 1-95 2-27 2’6 3-25 3'90 4-65 SdOi 6’86 

dcnsation/sq. m. 0-02! 0-04 0*08 0-12 0-19 0’25 0'33’0-51 073 l-OO l'27j 1’63’ 

M'n Ueugth 0-55! 0 88 •I'lO l-’tO 1'60 2-00 2-20 2-80 3-3o! 3-90 4’40i 5-00 

jjorcoonng q 

Total lcn.qth of tube, I 1-20. TSS 2-30 3 001 3*65 4*27 4 80 6 05 7-20i 8-48| 9*50|l0*8 1 


Steam at 40°, entering with the velocity, Vj = 20 m. 
Water heatefi from 10° to 80^; velocity of viater, Vf = 0-001 m. 


Condensed liquid at 15°; d,„. 


Vertical tube-, 


, = 13r,j = 45. 


steam condensed by 
tube per iiour, kilos. 
For con- \ length 
• deijsation/sq. m. 
F« cooling -I'-SU; 
Total length ol tube, I 



Aqueous alcohol vapour at^", entsrlug with the velocity, 04 = 2 m. 
Water heated from 10° to 60”; velocity of water, Vf = O'OOl m. 
Condensed liquid at 12“; S,„, — 36’6“, 6^ = 17‘4°, -j- = 76. 


vortioal tubes. 


Vapour condensed by ' ' 1 I 

tube perliout, kilos. 078 176 310 4'80 7 00 9 6012'5 20 0 28 0 38 0 iSO O 63'6 78 

For con- \length 0'75 1-13 1'60 1-88 2-28 2'63 3’00 3'75 4-60 5-25 6-00 6-75 7-8 

densation/sq. ra. D 023 0052 OW 0T6 0-22 0-28 0-38 O'SB 0-84 1-16 1'60 1-87 2-3 


0’7 106 l-4q 1-80 20 2-50 4-40 5'10l 6-25 7 0 0 8'10 9' 


For Moling *5jj_ j(,Q 22 i 0-05l0O84| O'lSl 019| 0-25j O'SlI 0-8l| 1'17| l-.59i 203]‘2-7Br S-i 
Total length of tube, 1 11-45| 27 | 2'9 ( 3'68l 4-25| 55 | 7-4 | 8-9 ilO'S |l2 3 lld-l !l67 I J« 
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length of pipe lot the condensation Is 2 » (S- 06 & x 242 U'73 m. and the con. 

deneing surface B, = 3-21 sq. m. 

According to Table 64, the cooling surface must be H, ■» 8 x 3 x 1T6 = 10-60 
sq. m., i.e., a pipe of 65 mm. diameter must be 60-8 m. long. The whole eon- 
densing^nd cooling pipe has therefore a length of 16-73 + 50-8 = 66-63 m. and a 
surface of = 3-21 + 10-5| = 18-71 sq. m. ' 

Since it is impossible to unite all oases, tome umportant ones, 
chosen from the gr^at number, are alone given in Table 58. 

4 

Observations .—Several experiments, calculated out, are now given. 


■ 

• 

Water. ' 

Alcohol, 

93 per cent, 
by weight. 

Water + Oil. 

Weight of vapour, D, condeused 
per hour • • kilos. 

346 

296 

8760. 

139-5 

4 

120 

315 

84 

88-2 

Oily matter carried in the vapour 



' 






kilos.' 

— 

— 

— 


— 

77 

326 

31 

Temperature of the vapour on 









entering .... 


■pyj 

■KiM 

79° 

79° 

121 ° 

88 ° 

110 ° 

Temperature of the condensed 









liquid. 

34'’ 

25° 

100 '’ 

6 ° 

79° 

26° 

22 ° 

22 ® 

Uaterial of the cooling surface - 

brass 



copper 

copper 

cast 

lead 

copp:i 

•I 

Number and diameter of the tit bos 

2x67 

f 

2x67 

21 x 6 

55x29 

iron 

1x75 

1x60 

1 x40 

Initial temperature of the cooling 
water 










10 ° 

40° 

2-5° 

8 ° 

6 ° 


13° 

Final temperature of the cooling 









waters. 

76“ 

66 ° 

96® 

Km 

61° 

48° 

42° 

38° 

Velocity of the cooling Water V/ 


liKOl 

ESEa 

fiEiSm 

fllliwl 

mm 

0*001 


Aofuaf cooling surfaqe - sq. m. 

,9-1 

_9-6 

67 

6 

7 

32(a) 

14-5(a) 

6-3 (a) 

Calculation. 

Calories 1 ^^ be abstracted in con¬ 
densing 

185262 

157341 


32177 

68964 

noiofi 

45096 

b 

47628 

Calories to be abstracted in cooling 

22770 

21976 

- 

7662 

f' 

■KBUll 

5540 

8476{bj 

6364 

860(b) 

Temperature of the water at thj 

17-1'^ 





point of condensation > 

16-6° 

— 

6 - 6 ° 


31-5° 

25° 

17° 

Mean temperature diSerenee in 









condensing - ■ ■ 

48-6’ 

65-8° 

21 - 6 °i 

67° 

42-9’ 


54-8° 

75° 

Mean temperature difloreuee in 
cooling .... e,M 

48° 

89-8° 


20 - 1 ® 

_ 

39-7° 

81-5° 

32-^; 

Entering velocity of the vapour 

22-9 

19-6 

36 

2-78 

1'7 

0*6 

32-8 

29 


Coefficient of transmislion in 
condensing - • • k,. 

718-6 

663 

142*6 


222 

856 

m 

'••‘r 

847 

Coefficient of transmission in 









cooling - ■ ■ ki. 



— 

V 

_ 


200 

n« 

Cold surface for coudonsing ■ 

580 

,4-26 

69 

1-96 

7-2 

8-81 

■BII« 

Esa 

Cold surface for cooling • Hi 

4-74 

5-40 


8 78 

_ 

iMgn 

8-88 

2-34 

Calculated cold surface sq. m. 

10-04 

9-66 

69 

5-74 

72 

16-1 

9-88 

sie 


(a) The exterior surface of the tubes. 

(b) The, upper figures, 18310, 6640, 6864, ate the nqgnhers of calories to be 
abstracted from the water, the lowea figures, 2000, 8476, 860, the calories to be 
abstraoted-ftom the oil. • 
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2. Closed Surface-Condensers with Air Cooling. 

In certain rare cas(^ the condensation or cooling is effected by 
means of air instead ^of water. Tlje air isi then driven over the 
cooling surfaces by artificiai means (fans) or by a natural draught. 
In both cases^ it is in the first place necessary to know the quantity 
of air required to abstract a definite amount of heat, so that the 
dimensions of Jhe fan and flues may be determined. 

Let L be the weight of the air in kilos., <r, = 0'2375 its specific 
heat at constant pressure, which is in ihis case always that of the 
atmosphere, the initial and the final temperatures of the air, G 
the heat, in qjilories, to be trans'erred, then 


L 


C 

- fa) * 


(206) 


Thus there are required, in order to take up 100 units of hea. 
from or by the air, if it is to be cooled or heated through 
20° 30° 40° 50° 60° 70° 80°, 90° 100° C. 

511-05 14'03 10'52 8-42 fOl 0-01 6'25 4'68 4'21* kilos, of air. 


The volume of the dry air, when the pressure remains constant 
(which is the case here), depends only on its temperature. 1 cub. m. 
of dry air at 0° 0. ai d 760 mm. pressure weighs 1-293 kilos.,*thu8 
under these conditions 1 kilo, of air occupies a space of 

r593 “ 


The increase in voljme of the air is proportional to ^e mcre’ase 
in temperature, ftieasured from absolute zero; 1 kilo, of air at the 
temperature t,. thus owupies a space^of ; 


1000(273 + O 
l-29lfx 273 


= 773(1 + 


273; 


litres . . (207) 


Smmfh.—ki 60“ 0. and 760 mm. prossure 1 kilo, of air occupios a space ol 
773^ + = 916 litres. 

In Table 69 are given the volumes, o„ in litres, calculated by 
means of equation (207), occupied bj 1 kilo, of dry air, at the normal 
barometric height of 760 mm. and various temperatures from - 20° 
to 400° C. Now, atmospheric air always contains some water va'^ur 
—at 16° C. about 0-5-1 per cent, ol its weight. The specific heat of 
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Table 59. 


The vcjiumeg, a„ of ] kilo, of dry air at the nurmal barometric height 
of 760 mm. and nt temperatures from j 90" Jo 400" C. 


c Temperature 

P of the air. 

^ 1 kilo, of air has 

5 the volume, at. 

• 

g 

3 . 

1-3 

0,“ 

o ^ 

H o 

s . 

A § 

‘3 ® 

.fa 

0 s 

H 

LitreB. 

S 

3 

3 « 

. ® 0.1 
fH 0 

^ . 

'm ® 

“ a 

0 s 

-ai 

•H ^ 

Litres. 

2 

s 

■s 

2 *3 

gj » 
jv 0 

0 

^C. 

CA 

<0 . 

.a j 

■3 ® 

..fa 

0 3 « 

o'! 

S 2 

Litres. 

tf 

0 

3 , 

a5 

Ho 

“C. 

^ . 

'3 i 

t g 

0 3 

2 

Litres. 

-20 

716 

60 

942 

145 

1183 

235 

1438 

• 

320 

1679 

-15 

730 

65 

956 

150 

1197 

240 

1452, 

325 

1693 

-10 

745 

70 

970 

155 

1211 

245* 

1466 

330 

1708 

-5 

759 

75 

984 

160 

1225 

2o0 

1480 

335 

1721 

0 

773 

80 

999 

165 

1249 

255 

1494 

340 

1736 

1 

775 

85 

l'013 

170 

1254 

2()0 

1509 

345 

17,50 

6 

789 

80 

1027 

175 

126fi 

26.5 

1513 

350 

1764 

10 

802* 

95 

1038 

180 

1282 

270 

1537 

355 

1778 

15 

816 

100 

1056 

185 

1296 

275 

1551 

360 

1793 

mm 

831 

105 

1070 

190 

1319 

280 

1565 

365 

1807 

25 

847 

no 

1081 

200 

1830 

285 

1579 

370 

1821 

38 

858 

.115 

1098 

205 

1344 

290 

1594 

375 

1835 

35 

872 

120 

1112 

210 

1367' 

295 

1608 

380 

1849 

40 

886* 

125 

1126 

215 

1381 

300 

1623 

385 

1853 

45 

900 

130 

1140 

220 

1396 

• 305 

1637 

390 

1876 

50 

914 

135 

1154 

225 

1410 

310 

16.51 

395 

•1890 

S5 

9^8 

140 

1169 

230 

1424 

815 

1665 

t 

400 

1905 


When the barometeiiis at 7Ji0 mm. the volume of the air is about 
8 per cent, larger, at 780 mm. the volume is about 3 per cent. less. 


water vapour is <r„ = 0'475, about double that of air, but the small 
quantity of vapour in the air causes such a slight increase in the 
amount of heat reijuired to raise its temperature that we may neglect 
it in the present case. 

The transfer of heat between air in motion and a metal surface 
(heating surface) may bo ,expressed by the following equation, 
according to the results of the researches of Joule and Ser and the 
work, of Molier: 


k, = 2 + 10 .y», 


. ( 208 ) 
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in which V, is the velocity of the air in m. per second. Thus ihe 
heating surface, JJ„ necessary for the transference of the quantity of 
heat, 0, in the ticce, (in hours), with the temperature difference,’ 6„, is 


ff.- 



C 

zA(2 + 10 Jvj ■ 


. . (209) 


T|)e state of rest, or of motion over the heating surface, of the vapour 
or water to be booled is not regarded in the equation (208) which gives 
the transmission coefficient, k, It is always found, however, that the 
rapidity of the circulation of vapour or water over heating and cooliug 
surfaces influences very considerably tbe quantity of heat trapsferi’ed. 
There is no dJubt this would also be the case with cooling by air, hence 
we cannot regard the expression (208) as quite correct. Reliable 
researches on tlfis point are, however, not yet'known, and the author 
has no observations of his own; it is therefore necessary for the 
present to be content with the above value for k,. It may be 
assumed that, in the experiments of which the formula (208) is the 
result, the velocities of steam and water wele not very great, so that 
with a rapid motion of those substances the transference will be 
rather greater than calculation indicates. 

The temperature difference between air and heating surface is to 
be taken as the mean. If the entering and leaving temperature! of 
the water or vapour to bi^ cooled are,known, the mean .temperature 
difference, is easily found by Table 52, by supposing the cooling 
air in place of the cooling water. 


Example.— ^empethture of the vapour to be condensed and cooled is 100° 
0., the temperature of the condensed liquid is to be 20°; the air enters at 15° and 
leaves at 60° G. Then the ffiean difference in temp^ature, according to Table 
62, ie: 

For the period of*oondensation • ■ = 66'8°. 

For the period of cooling ■ - - 6,^ = 26'8°. 


If the temperature difference be obtained in this way and the 
velocity of the air then fixed, then, in Table 60, calculated by means 
of equation (209), is found the cooling surface required to transfer 
1000 calories in one hour with air velooitieft of 1-36 m.' per second 
and temperature differences of 5°-100* C. 

Finally, the section is to be determined across which the air must 
flow, which depends on the velocity given to the air. 
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if Y, bo the volume of air, in litres, to be sent through the con¬ 
denser in one hour, q the section of the air channel in sq. dcm., and 
V the velocity of the air in m. per second, then 

' F,= f(i),3000 X 10 (210) 

or 

'lyiiOOOO • • • • ' 


3 = . 


( 211 ) 


An example is calculated in order to make'clear, the method of 
estimating the heating surface and section of the air passage. 

Example.—100 kilos, of storfln at 100® C. are to be condensed in one hour 
and the condensed water cooled to 20® 0. The cooling air is to be heated in 
the process from C. ' , 

In order to convert 100 kilos, of steam at 100® into water at 100® 0.» 
100(687 - 100) - 63,700 units of heat mus^, be wKhdrawn. 

In order to cool the ItfO kilos, of condensed wa^r froui'lOO® to 20®, there 
must bo abstracted {100 - 20)100 == BOOO calories. fThus, iu all, 53,700 + SOOO = 
61,700 calories. 

The weight of air rcqu'lred to absorb this heat is, according to equation (206), 




61.700 


" 0-2:)7.HS0 - l5) 


5 = 4000 kilos, of air. 


4000 kilos, of air at 15® have (Table 59) a volume of 3,264,000 litres. 

4000 kiles. of air have at 80” (Table 69) a volume of 4,000,000 litroR. 

The mean temperature difference between steam and air is, according to 
Tablt 52. e,„o = 41-8®. 

Tiie mean temperature difference between condensed liquid and air is, 
according to Table 52, = 25*8® * 

If we assume the velocity of the air to be 20 m. per second, then the cooling 
surface required for condensation is, by equation (209), * 


C 53,700 

“lx 41-8(9 + 10 Viio) 


5 =^ 28*7 sq. ra., 


or, by Table 60, for a difference in temperature of 40* (iu round numbers), 
63-7 X 0*545 = 29 sq. m. (approx.). 


For cooling there are required 


8000 


25 * 8(2 + 10 \/ 20 ) 


= = 6*64 sq. m. (or, by Table 60, 


0*872 X BOOO 

for an approximate difference in temperature of 26®, -:= 6*98 sq. m.). 


The total cooling surface is thus about 36 sq. m., 

The sectioD, across which the air is to pass with a velocity of 20 m,, is, by 
equation (211)^ 

y* j 3,^4,000 ^ 

® “ Vi8600 “ 20 X SG.OOO - ^ sq. dcm. 


A tubular boating surface of 86 sq. m., which is to have a section of 4*53 sq. 
dcm., consists of 147 tubes of 20 mm. bore, each 4000 mm. long. 
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Table 60. 


The cooling surface, H,; in sq. m., re(iuired to transfer 1000 halories 
in one houf, when cooled by air at velocities of r, = 1-36 m. and 
at mean differences in temperature of d,,, = 5’-100’ C. 


C 


ss| 

g t 5 

. 


Velocity of tlie air, Vi, in qi. per sec. 



s is 

“ oj 

1 

2 

B 

■ 

■ 




36 

a £ 

is? 

K. 

• 

Cooling surface, in sq. m., required to transfer 1000 calories per hour. 

f) 

16*66 

12'42 

10*46 

9-10 

6*24 

4-76 

4-36 

3-84 

3-220 

10 

8-33 

6-21 

5-23 

4-55 

3-12 

2-38 

2-18 

1-92 

1-610 

16 

5-55 

4-14 

3-487 

3-033 

2-080 

1.686 

1-453 

1-280 

1-073 

20 

4-17 

3105 

2-615 

2-258 

1-560 

1-190 

J-090 

0-960 

0-805 

25 

3-33 

2-484 

2-092 

1-820 

1-248 

0-952 

0-872 

0-768 

0-644 

30 

2-78 

2-07 

1-743 

1-517 

1-040 

0-793 

0-727 

0-64O 

0-535 

40 

2-09 

1-603 

1-308 

1-129 

0-780 

0-595 

0-545 

0-480 

0-403 

50 

1-67 

1-242 

1-046 

0-910 

0-624 

0-476 

0-436 

0-384 

0-322 

60 

1-39 

1-035 

0-872 

0-759 

0-520 

0-397 

0-364 

0-320 

0-269 

70 

0T9 

0-888 

0-748 

0-650 

0-446 

0-340 

0-311 

0-270 

0-229 

80 

1-05 

('-752 

0-654 

0-565, 

0-390. 

0-298 

0-273. 

0-240 

0-202 

90 

0-92 

0-690 

0-581 

0-006 

0-847 

0-272 

0-242 

0-214 

0-180 

100 

•0'83 

0-621 

0-523 

0-455 

0-312 

0-238 

0-218 

0-192 

0-161 


3. Open Surface-Condensers. 

• • 

Steam at atmospheric or lower* presstfres, or other gases or 
vapours, are condensed,in open surface-condensers; it is rarely 
required also to cool the condensed liquid. In these condensers the 
vapour to be liquefied flows simultaneously through a number of 
parallel horizontal tubes, straight or curved, and arranged vertically 
over one another, or throftgh vertical tubes. The cooling water, in 
a thin sheet, flows over the uppermost tube, it then flows down 
over the outside of the tubes and leaves heated at the bottom. The 
tubes are generally of equal size,*but, since in the first case the 
cooling water is colder when it flows over the upper than the, lower 
tubes, the temperature difference between vapour and water i? greater 
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above than below. The upper tubes therefore condense more vapour 
and even cool the condensed liquid. The upper tubes have therefore 
a greafer capacity than the lower. * 

The quantity of heat, C, to' bo absjractefi from the vapour in 
condensation is known in each case: 

G = D{o-Q . . . . .' . . (212) 
The requisite condensing surface, n„ is obtained from the fvell- 
known equation; 



The temperature difference, must here be the mejin difference 
calculated for the whole apparatus, as found in the ordinary manner 
by moans of Table 1. * " 

The coefficient of transmission for copper artd brass tubes may be 
taken as 

k, = 700 'i/v, v®'0-007T1;7.(214) 


For iron tubes it id, at the most, ()'7^ tim.es as great. 

In this form of condenser there is frequently a very considerable 
incrustatiori.on the outridi' of the tubes, (he inside is also occasionally 
coated by slimy or solid deposits. Thus the cooling action often 
sinks to one-half or to even one-third of the original. This is parti¬ 
cularly the case with iron, tubes, and must be considered in settling 
the dimensions. 

The initial velocity of the vapour, v^, may be determined in every 
case from its weight and volume and the section of the tubes. 

The vemily with ivhieh the cooling water flows down, v„ depends 
on the quantity which ij to flow in one hour ,ovor 1 m. in length of 
the apparatus, and inerbases ttith that quantity, just as in surface 
coolers. , 

With a somewhat economical consumption of water, the velocity, 
ey, of flow over the surface of horizontal tubes cannot be taken at more 
than 0'200 m., then \/()-00T-(- Uy = 0'6. 

On vertical tubes v, may be about '0'400 m., in which case 


y0'007 -t-Ky=0'74. 

' . I 

The ratio between the length’and the diameter of the tube, ;;,is' 

d 


obtained as in the former similar oases—the quantity of heat trans¬ 
mitted fh one hour through the cooling surface must be equal to the 
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latent heat of the weight of vapour oondensed in the tube during one 
hour. Therefore 

= -j-»iS600y(c - Q, 

« 

I Uj3600y(c - ti) 

0" 2“- IkjC~' 

Ineei-ting the value for fc, from equation (214) we obtain 

I n/M- 27 ( 0 - 1 ,) 

3“d„i/0-b67 + ®; 

and, since for horizontal tubes ^0-007 + «/ = 0-6 (see above), 

^ ~ *“) .(215) 

, 2 <*„ • 

Experimmial Obiert^otion.—BOCK) kilos, o! steam at a vacuum of 640-650 mm. 
(53-5*^ G.) wore oondensed per hour 1^ 500 vertical iron tubes of 40 mm. bore, 
4000 mm. long. The mean temperature of the cooling water was 46'’'47°, the 
cooling surface 250 sq. m. 

The amount of heat to be transterrea per nour was 

C = 8000(623 - 68‘6) = 4,666,600 calories. 

The volume of steam entering the tubes per second was 


Va 


8000 x 9510 
3600 


21,140 litres. 


The free action of the 500 tubes amounted to 

g =: 0T26 X 600 = 62-5 sq. dom., 
hence the entrant velocity-ef the steam was 

^ 21,140 

** “ 624 xlO’~ 


The velocity of the cooling water flowing down the vertical tnbei was about 
O'iOO m., consequently the tranlmission coefficient would have been, for copper, 

K = m iJWi ^0-m + o-m = 8232 . 

Since, however, iron tubes were used, 

it. a I X 3232 = 2424. 

The temperainre diSerenoe was = 63'5 - 46 = 7'4°. 

Consequently the ealeulaied oooling surface was . 




4,856,000 
' 2424 X 7-5 ° 


250 sq. m., 


which agrees exactly with the real cooling surface of 260 sq. m. 

19 



290 EVAPOEATINQ AND OOnCeNSING APPAEATOS. 


Table 61, 


The cooling surface, of copper or brass in open surface-condensers, 
the consuniption of cooling water, W, #nd the mean temperature 
difference, 9„ reqliisite to dondense per h«ur 100 kilos, of steam at 
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Tablk 61—{oontimed). 


a 

a 

a 

i . 

<u . 

g a> 


.Temperature of the steam, (j. 


100 » 


60 “ 


80 “ 


10 “ 


Final temperature of tha cooling water, 


80“ 

90°*, 

1 

9R® 

10° j 

50° 

• 

68' 

90° 

40“ 

48° 

20'» 

30° 

38° 

3ft 

29-21 

18 

22-f 

16-5 

9-2 


12-3 

G-4 

_ 


HI 

Wfli 



11600 


252S 

— 


4540 

— 

— 




1-33 

fm 

1'68 

2-81 

— 

213 

410 

— 


tSjji 

87 

112 

180 

85 

46 

84 

— 

40 

75 

— 


91 



S5 

liwl 

1-12 


- 

V61 

2-90 

_ 

— 

67 

121 

156 

262 

49 

64 

• 

117 

“* * 

66 

.105 

— 

— 

127 

m 

27-9 

17-4 


14-5 

8 

_ 

_ 

5 


_ 

_ 

1B80 


m 

_ 


313C 

— 

— 

9500 

•— 

— 

— 

lil?i 


1-40 

— 



— 

— 

6-25 

— 


" 

90 

118 

I'JO 

— 

52 

94 

- 

— 

97 

• 

__ 


— 


0-66 

IE 

— 

137 

ffi 

t 

- 

4-01 

. " 

— 

— 

126 

165 

2G6 

- 

88 

isf 

- 

— 

135 

— 



34-e 

264 

16 


12 

66 

_ 

_ 

3-3 

_ 

• 

_ 

1540 

iiW 


_ 

11280 

1S4C 

— 

— 

57000 

• - 

— 

— 

|[!KI 

lEP 


— 

216 

3-95 

— 

— 

800 

— 

““ 


95 

124 

H 

•- 

63 

ili 

— 

— 

147 

— 

-- 

— 

m 

0-71 

IK 

— 

1'65 




610 

- 

— 

— 

142 

173 

280 

—• 

88 

159 

— 

— 

195 

— 

— 


32-; 

25 

15 


_ 

— 

_ 

__ 


— 

- 

- 

ISO 

180 

112 

5 — 

— 

— 

— 

— 

— 

— 





I'O 

4^9 


— 

— 

— 

• 




IQ 

135 

m 


- 

- 

— 

— 

— 

— 

— 

— 

IQ 

EE 

il'2 

- 

- 

- 

— 


— 


— 


140 

188 

■ 

— 


—( 

—• 







Cooling surfaces of iron must be at least 1’33 times as great. 
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The annexed Table 61 gives for a number of cases the requisite 
cooling surface (in copper tubes) for the hourly oondensation of IQO 
kilos, of steam at different pressures, which enters the tubes at 
velocities of 26 or 50 hi., and for cooling watqr at l.’j'-dO” 0. 

Generally the condensed liquid does not leave the condenser 
much colder than the steam; if, however, the condensed liquid is 
intended to be cooled considerably, the cooling surface must be 
correspondingly increased. 

The consumption of cooling water, W, given is the theoretical. 
In practice, on account of e/aporation, it would be 3-5 per cent leas. 



CHAPTER XXI. 


HEATING LIQUrDS BY MEA,NS OF STEAM. 

A. Steam Heating Coils or gystems of Tubes in the Liquid 
to be Heated. 

1. The Liquid is not Changed. 


The heating of liquids by steam has already been mentioned (Chapter 
VIII.). The steam used for heating liquids (ii it is not superheated, 
a case which is rare and therefore remains untreated here) must 
condense, and sometimes the Condensed water must be •cooled. The 
weight of steam required to heat a given quantity of water through a 
given range of temperature can always be found. On that account, 
and because it is convenient to the course of our subject, we proqeed 
to the calculation of the requisite heating surface 1)y first deter¬ 
mining the weight of steam required for "heating and’thence the 
• surface requisite for its condensation. 

The \veight of steam, D, required to heat F kilos, of a liquid ,of 
specific heat, oy, from t,t to t,„ is 


D 


Faftf^ — tf f) 

640 


(216) 


JBi'ampJs.— In order to heat P = 100 kilos, of water from S0°-90« 0., there are 
required 100(90 - 80) ---- 6000 calories. 

Assuming the condensed water escapes at the mean temperature of the water, 
^ -SO", then 1 jSlo. of steam gives up 640 - 60 - 680 calories, 

6000 

and D = — 10'346 kilos, of steam ate required. 


The difference in temperature between the steam and the liquid 
decreases daring the process of heating; it is clear from pre^ous 
explanations that the mean temperature difference is determined 
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from the greatest difference at the beginning, 9„ and the least at the 
end, 6^ (Chapter L, Table 1). 

Example.—U the steam is at 100° C., with the data of the last example, . 
», = 100° - 30° = 70°, «, = !(00° - 90“= 10°. ConseqBantly , 



The mean tempecatnm difietencc is then, from Table 1, 

= 0-442e. = 0-442 x 70 = 30-94° 0. 

Table 62 gives the number of units of heat required to warm 100 
kilos, of water under different conditions, also the consumption of 
steam and the mean difference in temperature. 

If the warming vessel is to be provided with coils ir systems of 
tubes, through which the heating steam parses, its entrant velocity, v,,, 
can generally be selected (30-40 m. for coils, 10-20 m, *or short vertical 
tubes, would be suitable). From this and the hourly consumption of 
steam, D, the proper diameter of the coil or tubes can be ascertained 
by means of Table 55.' 

The diamete^ of the 'tube, thp temperature difference and the 
entrant velocity, all of which are known, then give, by means of 
equation (£05) and Table 57, the necessary length of tube, and thence 
the cooling surface, E„ if the velocity of the liquid about the tube is 
known. If this velocity is unknown, the smaller value of fc< from 
equation (21,7) should be inserted in the expression: 



If the 1‘quid is not driven artificially over the heating surface, the 
rapidity of its motion about this surface increaset, with the rise in 
temperature. The real extent of this velocity depends then on the 
form and dimensions of the surrounding vessel and the arrangement 
of the heating surface, which naturally is placed at the bottom. 

The mean velocity of the liquid over the heating surface, in 
heating without stirrers, may vary in different cases approxi¬ 
mately between u, = 0-02 and 0-300 m. The smaller figure is for 
large vessels and liquids at low temperatures, below 60° C.; the 
larger figure for small vessels and liquids at higher temperatures, 
60°-100°0.' ' . , 

The coefficient of transmission should be taken in this case of 
steam coils, used for heating without stirrers, as 

= .(2I7> 



Initial temperature 
of the water. 
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Table 62. 

The requisite number of calories, C, weight of steam, D, and mean 
temperature difference 6„, between steam and water, for Ifcating 
100 kilos, qf watjr from the temperature, to the higher 
temperature, t/,. 
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•The section of the steam valve may be determined by the aid of 
Table 14. 

W,hen the mption of the liquid is artificially accelerated by stirrers, 
its velocity can in soijpe degreg be determined, it will be 1-8 m. A 
higher velocity is without advantage, for the transmission of heat 
does not then inereose to any great extent, whilst the power required 
increases considerably. The stirrer should naturally be, as far as 
possible, constructed so that it always conveys fresh liquid to the 
heating surface. , 

The coefficient of trans([iission for 'the heating of thin liquids by 
■steam in copper tubes, with stirrers, is 

(218) 

The true velocity of the liquid obtained by means of a stirrer is 
not. easy to estimate, dither before or after the ocAstruction of the 
apparatus. 

The application of .a stirrer is still more necessary in heating and 
cooling thick sticky masses than with thin and readily mobile liquids. 
The former pannot be brought ivto rapid circulation even by very 
unequal heating. A stirrer is also necessary in the case of those 
liquids which would be damaged if their particles were heated almost 
to the temperature of the hot surface. 

Erample.-5b00 litres of water are to bo heated in one hour from 20" to 
80° C. by steam at 100° by mdani of a heating pipe. 

According to Table 62 there ere required for this purpose ,50 x 6000 = • 
800,000 calories and 11 x 50 = 550 kilos, of steam. The temperature diflerence 
is t3» C. 

The entrant velocity of the steam is taken at 40 m. , The diameter of the 
heating tube must be 90 mm., for, Irom Tabie 55, IB'S x 40 •= 556 kiios. of steam 
pass through a pipe of 90 ^m. borf in one hoar. 

If there is no stirrer in the vessel, the probable velocity of the water about 
the heating pipe may be assumed to be 0020 m.,. Then we obtain the necessary 
length of pipe from Table 55, 

f - 194 X 0 090 " 17-46 m., 

and the beating surface, 

. H, = ilwl = 4-92 Xjf m. 

The steam valve should be 65 or, better, 80 mm. wide. 

If a stirrer is applied in the heating vessel, and it moves the liquid with s 
velocity of 1 in. over the h«t surface, then, with the other conditions the same, 

according to Table 67, the ratio, g - 66. Consequently i = 66 x 0090 = 604 m. 
and hence the heating surface, B = 1-69 sq. m. It will be observed that a stirrer 
oonsidetably decreases the necessary heating surface. 
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2. A Continwm Gwrent, in and out, of the LiquM to be heated. 


If the liquid to be .heated flows eontinuously in and <Jut, its 
velocity, Vy, over 'the Jieating surface is kno^vn. Also the entrant 
velocity of the steam into the heating space is known or can be fixed. 
If all the stM,m introduced into the heating spahe is not condensed 
.there, but a portion passes out, then in the equation for h the sum 
of its* velocities at eiftering and leaving is to be inserted. This equation 
is 

From th^ constant difference in temperature at the entry and 
exit of the liquid, the mean temperature difference, 9,„ is obtained 
from Table 1. 

The quantity*of he&t^to bo transferred is 


G — — i/t) 


(219) 


and the heating surface 


ff. 


’-L 


The consumption of steam, according to equation (216), is 

~ hi) 


D- 


640 - -*-4-^ 


( 220 ) 


Ezawple. —20,000 litres ol water are to be heated per hour from 10°-60'’ C.; 
the water flows past the heating surface with the velocity, v/ » %20 m. fhe 
<8team is at 8 atmoo. absolute. 

In one hour C ~ 20,000(60 - 10) *= 1,000,000 caloyies are to be tmnsferred, 
20,000(60 -*10) , , 
lor which D = -7ii n ~ , ~7,T = 1627 kilos, of steam are required. 


610 


-(M)- 


The steam is at the temperature, ts = 134° C. (130° is used instead). 

The temperatum difference at the beginning is 0a = 130° - 10° = 120°. 

The temperature difference at the end is 6. = 130° - 60° = 70°; 
thus the mean temperature difleience is 

(by Table 1, since ^ ^ = 0'683) 0„ = 0^77 x 120 = 9M°. 

The steam is to be completely coudensoS and the velocity at which it enters 
la to be tr* = 20 m., therefore 

k, = 750v'20</oW+‘d^ - 1984, 
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ooiiequently the heatisg surface, 

1,000,000 

In order to admit 1627 kilos, of steam per hour at a velocity of 20 m., 
according to Tabie 56, TUubes of ^ mm. bore, arfS with'a heating surface of 
6'4S sq. m., are required. Each tube must therefore be! = 5 m. long. 


B. Steam Vessels with Double Bottoms. 

If a liquid is heated, not by steam coils, but ii a vessel with a 
double bottom, then neither the velocity of the liquid nor that at 
which the steam enters is known. It is necessary to fall back on 
equation (62) for the heating surfaca, when there is no stirrer:— 

* • C 

“ r4WtoT8C05r. • ; • • • (221) 

• , > * 

•If the double-bottomed vessel is provided with a suitable stirrer, 
then the expression for estimating tlie heating surface is 

_C_ 

“; 350f)d„. 

EmmpU.—HWO litres of water are to be heated from 10“ to 100° C. in one 
hour by means of steam at a pressure of 1 atmos. (121° 0.) in a double-bottomed 
vessel. 

.. According to Table 62, 20 x 9000 »= 180,000 calories are required, and the 
temperature diflbrence is 62°. The necessary heating surface, without a stirrer, 
is therefore » * • 


E,: 


( 222 ) 


„ 180,000 , 180,000 
w KO • 


: 2‘48 to 1*98 sq. m. (about 2*25*8q.^m.). 


■ 1400 X 52 1800 X 52 

« If tho Yossol has a diameter of 1(XK} mm., then the surface of the double 
bottom is ioout 3 sq. m., consequently the 2000 litres wpl, on the average, be 

, _ . 60 x 2*25 , 

heated m —r-- 45, minutes. • 

I ( 

If the double vessel is provided with an efficient stirrer, the necessary 
heating surface is 

C 180,000 


: 


; ss about 1 sq. m. 


35006„, 3500 x 52 ' 

The same vessel will then heat the 2000 litres of water in about 20 minutes. 
Thick, syrupy.or pasty masses are heated much more slowly. 


C. The Liquid to be Heated Flows Through Tubes around 
' which is Steam at Rest. 

Steam is hardly ever completely at rest, but we understand in the 
foUpwing pages by steam at rest, steam which moves in a definite 
direction with a lower velocity than 0'5 m. per second. 
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Table 63. 

Copper heating surfaces required to heat per hour 1000 litres of 
water at 10° or 25° to^0°-90° C., moving through “tubes witS the 
velocity 0'01-0i4 m.,<by means of sfeam at ^est at a temperature 
of 80°, 90°, 100°, or 120° d 


.:2 

s 

cf 

Q) 

X 

*© 

1 

> 

Vf. 

t 

0 

! 

Iri 

S 9 
® c 

d A) 

S'S 

al ® 

• O 

r- ce 

T3 (A 

fl® 

S $ m 
9-0 0 

S, §tt| 

Temperature of the hot vapour (alcohol or water), 

• 

1 


1 

. 90“ 

100” 

120“ 


Final temperature of the liquid to be heated, //» 


50® 

«« 

60“ 

75% 

60“ . 

70“ 

85“ 

60“ 

• 

80" 

90“ 

60” 

80“ 

90“ 

0010 

10 

6™ = 

47-6 

40 

24'5 

5B 

43-6 

27 

62 

46-5 

36 

83 

60 

62 



Ih = 

4-3 

6-4 

13-6 

3-6 

7-0 

14-3 


7-7 

11-6 

31 

5-2 

6-8 


26 


41 

34-6 

21 

51 

37-7 

23 

65-6 

41 

82 

76 

64 

56 



H, = 

31 

5-2 

12-2 

2-4 

5-9 

13-0 

3-4 

6-9 

ITS 

2-4 

4-4 

m 

0060 

10 

9,n = 

47-6 

40 

24-5 

58 

ib-o 

27 

62 

46-5 

36 

33 • 

69 

62 



H.-- 

E& 

4-3 

9-2 

2-4 


9-6 

3-2 

5-2 

m 

2-1 

3-5 

4-6 


25 

K = 

41 

34-6 

21 

51 

87-7 

23 

55-5 

41 

32 

76* 

64 

50 



TL = 

21 

3-5 

m 

1-7 

41 

8-8 

2-3 

4-7 

7-2 

1-6 

3-6 

m\ 

0100 

10 


■17-0 

40 

24-6 

68 

48-5 

27 

C2 

46-6 

36 

83 

69 

62 



II, = 

24 

3-5 

7-4 

^1 

39 

EE 

26 

42 

6-3 

1-7 

2-2 

3-7 


25 

K = 

4i 

H4*t> 

21 

51 

37-7 

23 

50’5 

41 

32 

76 

64 

50 



s. = 

1-7 

2-9 

6-7 

14 



1-8 

3-8 

6-7 

1-3 

2-4 

3-3 

o-aoo 

la 


47-f 

la 

24-.^ 

58 



62 

46-5 

36 

83 

69 

62 



II, = 


2-( 

m 

16 

3-1 

1% 

2-1 

3-4 

5-1 


2-3 

m 


25 


n 

34% 

21 

51 

ESQ 

Km 

55*5 

41 

32 

76* 

64 

56 



11. = 

f-4 

2-3 

6-4 

1-1 

2-7 


1-3 


4-C 

11 

2-0- 26 

0-300 

10 

^..1 = 

47 •( 

40 

24*5 

58 

43-6 

27 

62 

ri6'5 

36 

83 

09 

62 



il,- 

i-i 

2-5 

6-: 

1-4 

1^ 

1^ 

l-£ 

EE 

4-£ 

1-2 

2-0^ 2-^ 


25 

K ^ 

41 

34-( 


61 


ESI 

55*5 

41 

32 






i/,= 

1-2 

1 

4*? 

1-0 

2-4 


1-3 

2-7 

41 

0-9 1 l-7i 2-3 

0-400 

10 


47f 


24-5 

68 

43-5 

27 

62 

40*5 

36 

83 

69 

!62 



-H.= 

1-6 

2-1 

4-8 

1-3 

2-5 


V, 


1-1 

1-8! 2-4 


25 

K - 

41 

34-6 

21 

51 

37^ 

23 

66-6 

41 

3-i 

76 

64 

;56 



H,= 

1-1 

1-8 

4-1 


2-2 

1 

4-5 

1-2 

2-4 

3-7 

1 0-83 1-6! 21 


If the liquid to be heated is passed with the velocity,'!’,, through 
tubes, whilst the steam moves round (he tubes with its slight velocity, 
then the transmission coefficient for copper tubes and thin liquids 
may be taken as 

fe, = 750V0-60r-M); .(223> 
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sft that the requisite heating surface is 


if. 


_ C_ 

S„7601/oW+T/ 


( 224 ) 


For thick liquids fc, is about 10-15 per cofit. lownr, H, consequently 
about as much greater. 

For iron tubes k, is about 16 per cent, lower. 

The temperature difference is obtained in, the ordinary wanner, 
by Table 1, from the temperature of the steam, which is generally 
constant, and the initikl and final temperatures of the liquid. 

If the liquid is sent simultaneously through a considerable number 
of (vertical) tubes, round which the.steam passes, if only at velocities 
of O'5-l m. per second, the efficiency of the heating surface is greater, 
and may easily be in this case 1-5 .times-as great as with steam at 
rest. - . ' ‘ 


The next. Table 63, gives the temperature differences and requisite 
heating surfaces for a number of cases. The figures given for steam 
at 80° and 90° C. apply also to aqueous alcohol vapour of 86 and 58 
per cent, strength by weight respectiwly. 


Experimental Example.— 5S90 kilos, of wort were heated in one hour from 
81“ to 49“ 1C. by aqueous alcohol vapour at rest (valooity about 0-3 m.) at a 
temperature of 79'1° C. Tlie wort was passed with a velocity of 0-205 m. through 
a dbpper pipe, w)th a bore of 100 mm. and the heating surface, S, = 6-9 sq. m. 

The specific heat of.thejiquor being taken as 1, there were to be trans* 
ferred in one*hour * 

0 = 6890(49 - 81) = 106,020 calories. 

The temperature difference at the beginning was = 79-1“ - 81“ = 48-1°. 

* The temperature difference at the end was 4, = 79-1“ - 49“ = 30-l°. 

0, 301 • 

Then »0-628, accordingly, by Table 1, the mean temperature 

difference is 

*„ = G8 X 48-1 = 38-48“. 

The coefiTicient of transmission is * 


It, = 705 afO-007 -f 0-206 = 447-75. 
The calculated heating surface is therefore 


B.- 


m,m 

88-48 X 447-75 


-^16 


sq. m. 


On account of tne thickness of the liquid, 10 par cent, is to be added, which 
gives 6*15 + 0*616 — 6*8 sq.lQi.^whioj^ agrees well with the actual heating surface. 




CHAPTER XXII. 

THE COOLING OF LIQUIDS. 

Thbbb are various different metfiods for cooling liquids, in most of 
which the liquid is cooled bj the'cpnsequent heating of the means of 
cooling. Thus thi^oonsideration of the cooling of liquids may also 
serve for the operation of heating, for which what is about to be said 
may also be useful. 

Liquids may be artificially cooled by the following methods:— 

A. By the direct introduotiqn once. 

B. By the direct addition of cold to hot liquids. 

C. By the evaporation of a portion of the liquid without the 

application of heat. 

D. By flowing over metal surfaces which are in eqptact with‘'a 

colder h'quid (surface or closed coolers). 

B. By flowing free over surfaces which are in contact with the 
■colder liquid on the other side,' by which means the 
surrounding air takes up a portion of the h^t (opeit 
coolers)* 

F. By contact with metal surfaces which are traversed by cold 
air. . 

Q. By spreading out aqd dividing the liquid in the open, and 
subjecting it to the action of air in natural or artificial 
motion (as in cooling water). 

These methods of cooling will be dealt with in turn. 

A. The Direct Introduction of Ice. 

This method of cooling is only empioyeu when it is desired to pro¬ 
duce very low temperatures. The ice employed is generally only., a 
few degrees below 0° C., its latent heat is 79 calories. Having 
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regard to its specific heat {it, = 0'504) for the T-S” through which it 
must be heated before melting, it may be assumed that each kilo, of 
ice hi melting to water at 0“ C. takes up Sf units of heat. If and 
be the temperatufes of the liquid befoje and, after cooling, and 
<r, its specific heat, then the amount of heat to be withdrawn is 

C = Fi4t,^-t„) (226) 

The weight of ice to be used is . , • ' 


„ FlT,{t,„ - if,) 
80*+i„ 


(226) 


In order to cool 100 kilos, of water from 

10* 9° 8” r* 6° 5°4°0. 

To 5“ O.)there are requiredfSO' 48 3'6 24 1-2 — — 

To 2'O.JE kilos.-of ice \9’8 8-6 7 4 i>l 4-9 3-7 2-44 


B. The Direct Addition of Coid to Hot Liquid. 


If F kilos.*of a cold liquid,at tbe temperatme, t,, be added to 
F„ kilos.’ of a warmer liquid, of the same specific heat, at the tempera- ' 
ture, (ft„*the temperature of the mixture is 


L 


Fj^ + Ft„ 


(227) 


E. + E, 

Kxampti.~F„ = 100 kilos, of tfater at f/, = 80°, and F, = 20-0 kilos, of water 
at t, = 20°, give • * 

+ jP* = ^ kilos, of water at the temperature 

, _ 100 X 80 + 200 X 20 _ 

" 100 + 200 '• 


• • 

C. Cooling Liquids by Evaporation. 

• 

Liquids are best cooled in this manner by bringing them into a 
vacuum. If a space be provided over a hot aqueous liquid, in which 
a lower pressure is maintained than corresponds to steam at the 
temperature of the liquid, the latter is tooled down to that tempera¬ 
ture, the steam at which corresponds to the pressure over the liquid, 
the heat if the liquid»given out in falling from the original tempera¬ 
ture to the lower being utilised in the formation of steam. The 
tqpiparatures of steam (and also of liquid) corresponding to every 
degree of vacuum are to be obtained from Table 9. 






' COOLlllG LIQUIDS. 


303 


If the weight of liquid, at the original temperature, tfj, is 
cooled in vacw to then the weight of steam evolved is 

D = . ' (228) 

640 - 

whence we obtain the following small table:— 


Vacuum. 

mm. 

* 

Tempera¬ 
ture ot 
the cooled 
liquid, t/t. 

100 kilos, of aqueous liquid at the original 
temperature, = 

100“ 

90° 

B0“ 

70“ 

60” 

Kv^lve tAe following weights of steam, D, 
coolo'd to the temperatures, f/j, given 
the second column. 

in being 
in 

234 

90 

1-82 





405 

80 

3-67 

1-82 

— 


_ 

526 

70 

5-25 • 

3i50 

1-75 


— 

611 

60 

7*00 

5-25 

3*50 

1*75 

— 

668 

50 

8-50 

6-80 

5-10 

3-40 . 

1-70 

70.J 

40 

1000 

8-33 

6-66 

500 

3-33 


D. Cooling a Hot Liquid by means bf a Colder* Liquid. 

The cooling of a hot liquid by another colder liquid, or, what is 
the same thing, the heating of a cold liquid by a hot one, may he 
effected in two diijjrerit ways, viz .:— 

1. By sending tlie tif) liquids lontinmnsly in opposite directions 
(oounter-currenk) with the highest postibli veiocily over the common 
wall of separation. 

In this method the warm liquid falls through straight or bent tubes 
(coils) or channels, whilst the cold liquid rises in the surrounding 
vessel or in a surrounding tube concentric with the first, or rises, 
whilst being warmed, in a channel surrounding the first. 

If we put <r„ for the specific heat of the warm liquid, rr* for that of 
the cold, and for the temperature of tjie warm, and t^, for 
the temperatures of the cold liquid, (ben the quantity of heat to be 
transferred is 


C = - U = - y . . ..(229) 
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Table 64. 


The transmissioi; coefficient, between twq liquids, the one taking 
j , or brass diaphragm with the 









0-02 

0-04 

0 001 

119 

122 

128 

130 

132 

136 

144 

155 

0-002 

122 

128 

132 

136 

140 

142 

150 

160 

0-004 

128 

132 

138 

140 

144 

148 

157 

170 

0-006 

130 

136 

140 

145 

150 

153 

162 

173 

0-008 

182 

140 

144 

150 

154 

156 

.168 

176 

0-01 

136 

142 

148 

153 

156 

160 

170 

185 

0-02 

144 

150 

157 

162 

169 

170^ 

185 

200 

0-04 

155 

160 

170 

175 

170 

185 

200 

210 

006 

160 

168 

177 

183 

188 

194 

210 

234 

0-08 

165 

172 

183 

188 

196 

200 

218 

242 

010 

169 

176 

"186 

194 

200 

206 

225 

2.50 

0-20 

180 

188 

200 

208 

214 

224 

246 

274 

0-40 

190 

200 

214 

224 

232 

240 

266 

302 

0-60 

190 

206 

222 

232 

240 

250 

280 

316 

C-80 

200 

212 

226 

238 

246 

256 

285 

328 

1-00 

204 

214 

230. 

240 

252 

259 

294 

336 

1-20 

206 

218 

234 

247 

256 

266 

298 

344 

1-50 

208 

222 

238 

250 

260 

270 

302 

350 

■2-0 

210 

225 

240 

258 

264 

274 

308 

358 


From this equation is also obtained the necessary weight of hot 
liquid, F, for heating the weight of cold liquid, F,. 

If be the mean temperature difference and the coefficient of 
transmission, then the surface required for the cooling is obtained 
from the known equation;— 

If = ~ O .... (230) 

The coefficient of t'fansmufm of heat, 4„ between two moving 
liquids at different temperatures is found from an equation calculated 
by Molier from Joule’s researches (Zeits. d. V. d. Ing., 1897, Nos. 6- 
and 7)’ on copper and brass separating walls. The equation, which 
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Table 64.* 


heat from the other, which flow in opposite directions oyer a copper 
different velocities, V/j add 


0-06 


,0-10 

0-2 

0-4 

OC 

0-8 

1-0 • 

1*25 


ap I 

• 

160‘ 

165 

IQj) 


190 

196 

200 





168 

172 

176 

188 

200 

206 

212 

.214 

218 

222 

225 

176 

183 

186 

200 

2J4 

222 

2^6 

230 

234 

238 


183 

188 

194 

208 

224 

2.32 

238 


247 

2.50 

253 

188 

196 

m 

210 

232 

,240 

246 

252 

256 

260 

264 

194 


206 

224 

240 

*250 

256 

259 

266 


274 

210 

218 

225 

246 

266 

280 

285 

294 

298 

302 


234 

242 

25(r 

274. 

302 

316 

328 

336 

344 

kmm 

358 

2.70 

256 

267 

296 

324 

344 

356 

iiwl 

377 


392 

256 

270 

276 

312 

344 

362 

376 

31)2 

400 

Mm 


267 

276 

289 

328 

362. 

384 

ioili 

408 

^25 


443 

296 

312 

328 

BHil 

410 

454 

464 

486 

500* 

512 

531 

324 

344 

362 

416 

476 

530 

E»1 

570 

,588 

QOG 

636 

344 

362 

384 

454 

530 

Eal 


624 

660 

680 

709 

356 

376 


•164 

540 


644 

G66 


724 

7§2 

362 

392 


486 

570 

624 

666 


735 

.762 

m 

377 


425 


588 

660 


735 

768 


ill 

380 


440 

512 

006 


724 

762 

800 

833 

888 

392 


443 

531 

636 


782 

810 

850 

888 

• 

94J 


neglects the thickness o4the diaphragm (of litUe influence because of 
the thinness and high conductivity of tlfe metal), is 

fe = •—1^- .... (231) 


l + 6V®/i 1 + ®n/.u^ 

which and are the velocities of the two liquids. 

In order to allow for tlfb furring of the pipes, which is never 
wanting in practice, we shall take, in estimating the coefficient of 
transmission, k,,, for practical purposes, the eifpression 

= . . . ( 232 ) 

1 + 6n/ii/] ^ 1 + 6n/o/2 , 

20 
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(The coefficients, i,, calculated from this equation for velocities of 
0'01-2 m. are collected in Table 64, from which most actual oases 
may be taken. , 

The mean temperature difference, is obtained by means of 
Table 1 from the ratio \ 

- h. _ 6. 

^we ~ ‘hi da 

The mean difference in temperature for certain speual conditions 
may be taken from the later Table 68, in which it is given for open 
surface-coolers. 

Whpn the cooling surface is formed of tubes of circular section it 
can be calculated from the dimensions of the tube, H dwl, and the 
weight of liquid, i',, passing through qier hour, may be expressed as 
the product of the section of the tube, the velocity, and the specif c 
gravity:— 

.( 233 ) 

The quaptity^of heat passing through the cooling surface in one 
hour must be equal to that lost in this period by the liquid 

' J'.!_ 

= Y*’/-36O0i..l000.<r„((„ - U . . (234) 

Hence follows the length of the cooling pipe 

l,aJ~m,mv,.s..<r„(t„-Q . . (235) 

in which, for water, <r and s = 1. 

The desired velocity of flow and diameter of pipe, required to cool 
a definite weight of liquid through a definite range of temperature, 
cannot be arbitrarily chosen,* and from them the length of the pipe 
calculated, because in most cases impossibly long pipes would be the 
result. The diameter of the pipe, the velocity and quantity of liquid 
depend one on the other. It requires some practice to select proper 
proportions. 

In order to tacilitate the selection, two tables are here given. 

1. Table 65, which gives the necessary lengths of tube for the 
required inner surface,/)! 0-5-7 sq. m. in tubes of 10-70 mm. diameter. 

2. Table 66, which shows r— 

(o) The volume of liquid, Vj, which flows per hour through pipes 
of 10‘-30 mm. diameter with velocities from 0-02-0-4 m. (5) The 
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Table 65.^ 

The length of a cooling pipe of 10-70 mm. diametei^ when its internal 
lurfaoe is 0 26-7 sq. m. 


• 

' ..— —■■■■■-I--,.. 

In order that a heating or cooling pipe may have an internal 

• cooling surface, in sq. m., of 

BAe of 



• 













pipe. 

0-25 

_J 


1 

1-5 

2 

2'5 

3 

3-5 

4 

• 

4-5 

5 

6-5 

6 

6-5 


mm. 

• 

it must have the following lengths, 1, in m., with the diameters 
given in the side column. • 

■ 10 


10-1 

m 

48-.2 

G4'5 

n 

96*0 



1 






15 

5’3C 


21-2 

ISiCl 

429 

l^pj 

74*2 

84-8 

84-S 

96-4 

1060 

_ 

_ 

_ 

— 

20 



15*9 

23-9 

31-6 

39-8 

47-7 

65-7 

63-6 

71-6 

79-5 

87-5 

959 

FfiBSl 

— 

25 

3‘20 

6-4 

12-7 

l91 

25-4 

31'£ 

38'1 

44-5 

KiBI 

57'2 

63-6 

69-9 

79-2 

86-6 

91 ■£ 

30 

2-65 

5-3 

10-0 

15-9 

21’2 

26'5 

31-8 

37-1 

42-4 

47-7 


68*3 

63-6 

68'9 

74-2 

35 

2-30 

4-G 

9-1 

18'7 

18'2 

22-8 

27-3 

31-9 

36-4 

41-0 

45-6 


54-6 

69-2 

63-7 

40 

TO 

4-0 

8'( 



mE 

ISE 

28-0 

38-0 

86'0 

fbo 

44*0 


62-0 


45 

1-80 

3-6 

79 

10-7 

14’2 

17-^ 

21 ■£ 

24-9 

28-4 


36-6 

3 if ] 

12'6 

46-2 

49'7 

50 

1'68 

3-15 

6'8 

10 -C 

12-6 

16-9 

184 

22-6 

25-2 

28-9 

31-8 

35'8 

37-8 

41'6 

449 

55 

1-45 

2-9 

5’8 

8-7 

11-6 

14-6 

17-4 

20-3 

23-2 

26-1 


81-9 

»4-8 

37'7 

40-( 

CO 

1-36 

2-7 

63 

Hi 


18-3 

16*6 

18*3 


23 -C 

26-5 

29-2 

31'2 

33-9 

30-2 

65 

1*25 

2'5 

i ’9 

7-4 

9*8 

12-8 

14’7 

17-2 

19'6 

22-1 

24-5 


29*4 

31- l / 

34-! 

70 

1-15 

2*3 

4-6 

( i -9 

9-2 

11-4 

13*8 

161 

18-4 

• 


22'7 

■ 

27-6 

29-9 

32-2 


• • 

lengths of tube, I (and thence the cooling surface), required to cool 
the volumes of liquid, F„ given in column 8 (in this case evater; <7 = 
1, s = 1) from ihe initial temperature, t„, to the final temperature, 
t^, by means of cooling water at the different initial and final tem¬ 
peratures, fto and tiK, and of different vwooities, v, = 0‘02-0‘4 m. 

This Table 66 is oalcvlated by means of equation (235). The 
very great number of the possible variations of all eases has permitted 
only a restricted selection of variables. The table shows that, if the 
pipe is not to be too long, the velocity of the liquid |o be cooled may 
only be low. Therefore, in the case of a large quantity of liquid, many 
narrow pipes, arranged parallel to one another, must be u^ed in place 
of one long pipe. 

If it is expected that the cooling surface will be very clean, 
the number of tubes found from Table 66, or their length, may be 
diminished by about 25 per cent. 
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/ton tubes must be about 20 per cent, greater in number. In 
cooling thick liquids the same increase is necessary. 

If fhe specific^ gravity and specific heat o{. the liquid to be cooled 
are not equal to unity, but are ,s and <r respectively, the number of 
tubes is to be multiplied by scr. 


Example .—2000 litres of water are to be cooled per hour froin 80° to 80° C. by 
moans of couling water which becomes heated from 15° to 60° C. The vplocity 
of the warm water is 0 02 m., that of the cold water O'dl m.^ the cooling pipe is 
to have a diameter of 20 mu). 

According to cquatiou (229) the amount of heat to be transferred is 
0 = - f„) = 2000 X 1X 1 (80 - 30) 

= 100,000 calories. 


1 litres. 


The volume of cooling water is 

„ C 100,0C!(f 
^*“t.-<».“60-15° 

'Through a tube of 20 mm. diameter there flow, in oneliour at 7r = 

per second, according to Table 66, 22-6 litres. There must therefore be 


002 m. 
2000 
22 - 6 “ 


89 tubes. 

The length of esl'h tube iaobtained from equation (235): 

• d ' 

f= j^y900,000vf(f„- <„), 

in which, by equation (232) and Table 64, It, = 170. 


30-16 15 

Irow = 2Q ■= 0'76, therefore, by Table 1, 

. = 0-872 X 20=17-44°, 

0-02 ' 

.thus I = pfoTl7l4*“’°®° ”- 


The cooling surface is therefore £ = 89 dl = 3S'8 sq. m. 

f 

If 2000 litres of alcohol (86-3 per cent, by weight), fortwhich = 0-7 and 
Si, = 0-8, are to be cooled under the same conditioner of temperature as above, 
then • > 

C = 100,000 X 0-7 X 0-8 = 66,000 calories; 

56 000 * 

therefore -5* = «= 1244 litres. 


The number of tube is, as above, 89. 

The length ol each tube, I == 6*07 x 0*7 x 0*8 » 8’4 m. 
The cooling surface, H*. is about 19 sq. m. ^ 


Hentschel’s wort cooler. A hollow spiml (conveyor) of 850 
mm. diameter turns in aif o^en trough of about 860 mm. diameter at 40-46 
revolutions per minute, and carries the wort from end to end. The cooling 
water 6owb in the hollow spiral in the opposite direction to the wort in the 
trough. 
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2800 litres of warm wort were in this way cooled by moans of 14 sq. nf. of 
cooling surface from 58-8° to 16-25‘’ 0. in 45 minutes by 2400 litrea of cooling 
water, which was heated from 10” to 40° C. 


Now, = 58-8 - 49 = 18'8° 
a «, = 16-25 - 10 = 6-25*j 
■ 6-25 


thus 




‘ 18-8 - 


!Cherefore, by Table 1 the mean temperature diiterence if 
* , * *«. = 0-583 X 18-8 = ]0-96°. 

U was obsenied, in regard to the wort, that • 

, 4 X 2800(58-8 - 16-25) • , 

*'* = —3^14-iriM6 ■ = loos¬ 


er in regard to th^ water 


k = 


4 X 2400(40 - 10) 


= about 621. 

The velocity of wort over the cooling surface is 




0-350. T. 45 
2 X 60’ 


=0*41 m. per second. 


The velocity of the water Is equally great, but there is to^be added to it the 
velocity in the hollow spiral, which* is, the section of the spirfl be 0*15 sq. 
dcm.: 


2400 X 4 , a « « 

= ro-x-ooTo X iSTTo = '’■® “• 

Thus the water is earned with a velocity of 0*41 + 0*60 = 1*01 m. over ^he 
diaphragm between water and wort. • 

The coefficient of tmnsmisslou for the water, calculated by equation (232), is 
200 

kk »-j- 1 -= 572 (approx.). 

1 + 6n/^ iTWlSi 

This result agrtq^ wit^ the obsetred coefficient kk » 626 with sufficient 
accuracy, since the metal surface is always kept clean by the wash of the liquid, 
and the coefficient thus somewhat increased. 

The transmissian coefficient for the wort appears to be considerably higlier, 
because it is in contact with the .ir and is thus cooled by evaporation to a con¬ 
siderable extent, which io the advantage of this method of cooling. 


In refrigerating machinea the exchange of heat generally takes 
place at a low temperature; for this reason, and because the liquids 
used are not always as mobile as water, the coefficient of transmission 
appears to be somewhat lower. H. Lorenz (^eits. f. d. ^esammte 
Kiilteindustrie, 1897, Heft 9) found, f(* liqftid carbonic acid which 
was cooled in an iron pipe from 34-58“ to 21-61“ C. by means of waller 
which became heated from 9-9° to 21-61“ C., fc* = 105. In another 
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ctfse, when the liquid carbonic acid was cooled from 19-45° to 11-8° C., 
and the cooling water warmed from 9'9° to 11-08°, kt was 125 (when 
the feal mean tbmperatare difference was used in the calculation). 

2. The sec'md method {dhxmtinuom or pf.riodio] consists in bring¬ 
ing the whole quantiA- of liquid to hs cooled at once jnto a vessel 
and allowing the* cooling fluid (usually water) to Sow round the 
external walls of the vessel, or through pipes or plates, at ^rest or 
in motion, until the liquid is sufficiently cooled., 'I’he operation is 
shortened if the liquid 4o be cooled is moved artificially at a fair speed 
over the cooling surface orsthe cooling surface is moved through the 
liquid,^since the very small differences of temperature existing at the 
same time in the liquid cause only a slow ciroulatior.. The amount 
of heat to be extracted from the weight of liquid, i''„, which is cooled 
from to and thus to be taken u)i by thp coolpig agent is 


c=d'V„(c-u''. m 

The cooling surface required for the transfer of this amount of heat is 




C 


200 


(237) 


_ 1 1 ” 

Iq-OVtiyi l + 

•. If we assume that a uniform temperature prevails throughout the 
warm liquid at any instant, so that all portions take a regular part in 
the cooling, then the mean temperature difference between "the liquid 
and the cooling medium diminishes continuously, the flatter bein§ 
heated from its constant initial temperature to a final temperature 
which decreases during the progress of the operation. 

The mean temperature difference at the beginning, 6^ is obtained 
from the greatest and least temperature differences between the warm 
liquid and the cooling medium at the beginning, and The 
mean temperature difference at the encl, 6„„, is obtained from the 
greatest and least temperature differences at the end, d „2 

The true paean temperature difference, 6„, for the whole operation, 
is obtained from the two mean temperature differences at the be^n- 
ning and the end, 6^ and 9^. 


By means of Tabfe 1,/'^dves the mean temperature difference 

“al 


of\h^beginning: 9^ 


afl.i; similarly. 


9^2 


gives the mean tempera- 




DISCONTINDOUS COOLING. 


315 


0 

ture difference at the end: 6^ = j 8 S„ 2 . Finally, ^ gives the twe 

mean temperature difference: 

“‘ySm. =- ya^.i .(238) 

When the tfue mean temperature difference, @„,*is found, and also 
the mean temperature^ t.„, of the warm liquid oaloulated in the well- 
known simple mainer, then by subtraction the mean escape tempera¬ 
ture of the cooling water is found: ffe = - 9 „; from this the mean 

increase in temperature is obtained: t„„ =* tk, - tta, and thence the 
weight of cooling water requisite to extract the quantity of beat, C ;— 




(239) 


If we now arrange t&at the ratios ^and^^ are equal, i.e., that 

0 == , 8 , the calcfulation and explanation are simplified. We shall 
tlierefore now assume that the satio,of the temperature differences at 
the beginning is equal to the ratio of the temperature differences at 
the end—a very good and natural condition. * 

In order to estimate the necessary cooling surfaces we still require 
to know the veloiiilies of the liquid and the cooling water, Vq and 
The former may Le taken at about 0-02 m. if*there is no ctirrer and 
(he cooling surfaces are favourably arranged. 

If thes)Ooling vessel be provided with a stirrer it may be arranged 
so as to give the mas| a velocity of 1 m. or rather morg, but ndt 
more than 3 m. • 

The velocity of the aioling water, when it*fiows through pip.'s> 
may be determined by means of Table 66 . *It will generally be 
very low. 

Example .—2000 Utres of water are to be cooled in 1 hour from 80“ to 20° C- 
by water at 10“ C. which is to be heated at first to 60°. 

The quantity of heat to be transferred is 

C = 2000(80 - 20) = 120,000 calories. 

The mean temperature difference at the beginninsps, by Table T, 

/ . »„ 80-60 *20 * 

( ~ 60 - 10 - 70 " ) 

>ma =■ 0-6759„, = 0'576 x 70 = 40'25“. 
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At the end, 

^ 1 \ 

since is to be equal to 
= 0-676»,a>^ 0'675(20 - 10) = 5'7S". 

The true mean tem^irature difference iff therefore 
/ . 5'75 \ 

6 ^ = 0-576 X 0-441 x 70 = IT’I”. 

The mean temperatuft of the liquid is , 

/ • t™ 20 \ 

= ) 

t„ = 0-544 x'sO = 4'-:-62'>. 

Consequently the mean temperatur6,&t which the cooling water leaves is 
• ife, = 48*62 - 17*7 = 25-Sr. - 

Now t.„ = 25-82 - 10 = l5-82», 
and C = 2000(80 - 20) = 120,000, 
therefore W = 7680 litres. 

• « 

If the, Winter flows through the pifpe ^ith a velocity of 0*1 m., and if the 
stirrer gives the liquid to bo cooled a velocity of 1 m. over the cooling surface, 
then, by 'Pablo 64, kk = 408, 

The requisite cooling surface is therefore 

C 120,0ri0 

Since the velocity in the pipe is to be 0*1 m., the cooling surface may ooiv 
sist of 

1 tube of 160 mm. diameter, 83*4 m. long. 

4 tubes of 80 „ „ 16'7 „* 

8 67 „ ni7 „ 

18 40- 8-4 „ ^ 

The desired data for a few cases are collected in Table 67. 

Ea^eiiment —In the mash-tun of a distillery, with 8*4 sq. m. of cooling 
surface in the shape of brass tubes of 45 mm. bore and 48 mm. external diameter, 
3000 litres of wi'rt were cooled in 105 minutes from 62*5° to 16*25° C., by means 
of 9632 litres of dboling water (91*78 litres ^r minute) at 10*62° 0., which was 
heated to 50° at the commencement, to 18*4° at the end. 

The average velocity of the water in the cooling pipe was 0*877 m., that 
the wort over the cooling tur|ac6 ^out 0*85 m. per second. (Tub 2800 mm. 
diameter, stiner gives 80 revolutions per minute, hence its mean velocity is 1*7 
m., The motion of the liquid moved by the stirrer was assumed to be half as 
;great.)« The wort lost 8000(62*6 - 16'26) = 138,760 calories. The water gained 
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Table 67. 


DiBOOntinuous (periodic) cooling. Mean temperatnre,diEEerenoe^ 
mean temperature of outflow of cooling water, ft., the requisite 
quantity of oboling •water, W, and coo^g surface, Ht, for 
velocitief, qf the liquid of 1 m.. of the cooling water of 01 m., 
in order to cool 100 kilos, of water in one hour. 
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9532 X 12'1 = 116,547 calories. The differonce, 188,760 - 116,547 = 22,208 
calories, was losf) by radiation and evaporation. 

The mean temperature difierenoe was J„. = 12 03°, hence the obsenied co¬ 
efficient of tran&iission is: 


C * 116,547 

* o.j „ 10.1 V 


- u65 calories. 


a* = HITT- ‘Tm 

8-4 X 12-1x125 

• GO 

The calculated coefficient of tranamission is: 

^ 200 

'‘‘= 1 .i— 

1 -f 6 \/ y/i 1 i 0 Vfj 

s_^2?__ 656 calories. 

_^_ _1_ 

1 + 6 \'(m 7 1 + 6 \' 0 S 5 

The agreement is sufficiently good. / , 

The following table gives the course of the experiment 



• Temperature dilTereuces. 

At 

outlet. 

At 

iulet. 

• • 

Observed 

moan. 

Total mean.. 

12-5 

51-9 

28 ■ 

6 X 27-5 

15 

45-65 

27 

6 X 25-8 

18-75 

80*4 ' 

24-6 

6 X 22-6 

: 12-5 

83-15 

21-1 

8 X 19-6 

10 

20-9 

17-4 

8 X 16-5 

8-75 

20-65 

13-68 

25 X 11-26 

5 

14-4 

9-21 

6 X 8-16 

.4 

11-9 

7-1 

10 X 0-96 

8-75 

9-4 

6-18 

16 x« 5-5 

a'l 

6-9, 

4-9 

16 X 4-6 

2-85 

5-66 

4-1 





• 




1555=12-03° 
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Rise in temperature 
• of water. 

Observed. 

Mean. 

39-4 

6 X 35-2 

30-65 

. 6 X 28-15 

25-66 

6x2315 

20-65 • 

8 -x 18-77 

16-9 

. 8x14-4 

11-9 

25 X 10-9 

9-9 

6x8-9 

• 7-9 

10 X 6-77 

6-65 

16 X 4-78 

8-8 

15 X 3-3 

2-8 
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105 


E. Open Surface-coolers. 


Many* hot Iiquid(> are cooled by allowing them to flow down, 
exposed to the atmosphere, ofer metallic surfaces, on the other side 
of which passes cold water. This form of apparatus is here called 
the open surface-cooler. Its cooling surfaces consist of straight or 
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bent tubes arranged one above the other; the section of a tubev.is 
circular, oval or approximately triangular. More rarely plane surfaces, 
vertical or inclined, or vertical tubes, are used. 

The liquid flows down over the cooljng surface with various veloci¬ 
ties, which increase witlf the .smoothness of the surface, the height 
of flow, andVith the quantity of liquid which nows in unit time over 
unit length of the apparatus, i.e., with the thickness of the flowing 
layer. • The velocity decreases with the inclination of the surfaces to 
the horizon and ^ith the .consistency, thickn^ess or viscosity of the 
liquid. 



Fio. iiu. Pro. 21. 


Over smooth plane vertical surfaces, the height of which is 
• • 1 2 ti 4 m., 

the mean*^elooity at which 

water flows down is«about 0’5-0'7 0'6-0'9 0’8-l'l O'U-l'S m. 

The quantity o? liquid, which flows down in one hour over 1 m. 
length of the cooling surface, may be grater in larger apparatus than 
in smaller. WiRi an apparatus which can cool in one hour 

100 300 590 800 1000 2000 3000 (or more) litres, 

there may flow 
over a length 
of 1 m. in 

one hour 125 300 390 420 550 700 800 litres. 

The cooling water enters below and leaves above; it is desirable 
that it should pass through the cooling»tubei with a tolerable velocity, 
which may be about 0'5 mm. in small apparatus, l-O m. or more in a 
large apparatus. 
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• Table 68 . 


The copper or brass cooling surface, Hi,, in sq, m., and the cooling 
Tvater, T7,'in litres, for open surfacS coolers, required to cool 
F„ = 100 kilos, of aqueous liquid in «e hour from = 100°- 
30° C. down to = 30°-3° C., moans of cooling water at 

=2°-15°(5. 
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Table 68 — (continued). 
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The cooling action of this apparatus is generally very good, beoaise 
the thin layer of liquid greatly favours the transfer of heat, and 
because ftie velocity of both liquids—the cooling and the oooled— 
may lie greater here than in closed coolers, since the air itself 
takes up heat and by evaporation accelerates the coohng, a^d, finally, 
because the surfii^es are easily accessible and can therefore always 
be kept clean and active., A small amount of the heat is also lost by 
radiation. 

As a rule, open coolers, are placed inside the works, ,and occa¬ 
sionally air is blown over the surfaces in order to increase the 
cooling action. The surrounding air rises very slowly over the 
liquid, with small coolers and not very warm liquids, a* a velocity of 
0-2-0'3 m.; with higher appafatus and warmer liquids, at about 1 m. 
per second. The air is heated approximately in proportion to the 
temperature of the liquid to be cooled, andy in proportion to the 
degree of heating and its original amount of nioisture, it takes up water, 
as will be described in treating of cooling water. The liquid losej by 
'evaporation 1-3 per cent, of its weight, according to cireumstaabes. 
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, There are no reliable experimental figures as to the heating of 
the air and its evaporative effect in this form of cooler; it is therefore 
necessary to calculate the quantities of heat taken up by the air and 
by the cooling water separately in open surface-coolers. It would 
appear that the heat-given up to the air is rfjiproximately proportional 
to the mean temperature difference between water and alh. 

The hotter is the liquid to be cooled when it reaches the cooler, 
the better the apparatus works, since then t tolerable quantity of 
heat is taken up by evaporation. It is of, considerable importance to 
the cooling capacity that the liquid should flow down quietly over the 
whole surface, without splashing. It will be assumed that in this 
case the coefficient of transmission, /c* = 1000. The amount of 
moisture in the sui rounding air alfo affects the cooling action. 

Etrperimmts. —1. An jpen surface-cooler with a cooling surface of 18‘4 sq. m. 
‘ cctolti 1*600 litres of beer per hour from 70" to 13° 0. by means of cooling water at 
10°, which left the apparatus at 38° C. This gives A* - 800. 

2. A similar apparatus with a surface of 13'5 sq. m. cooled B5(X) litres of beer 
per hour from 70° to 18" C. by means of cooling water at C., which flowed 
away at about 40° 8. This ^ives h == JOlOx 

3. A similar apparatus with a surface of 20 sq. m. (16 tubes of 55 mm. ex¬ 
ternal dianeter and 4200 mm. long = 11‘5 sq. m., fed by water at 8'76-25*, phis 
12 tubes of the same size = 8'GG sq. m., fed by ice-water at l°-7’5" C.) cooled 6000 
litres of beer per hour from 48'7°-C'’ C. The temperature of the beer at the 
outlet of the ice-water was 14’1° C. This^gives for the 11‘5 sq. m, Icje * 1000, for 
the 8-66 sq. m. -- 070. 

As a result of those and other similar experiments not f^iveu here, 
we assume that it is permissible, in estimating the uecessaty cooling- 
Burface of open coolers, to take 

= 1000 (240) 

and thence the surface required to abstract 0 calories is 

If 

‘ “ lOOOM. 

This expression is applicable to copper and brass cooling tubes, 
cooled by water, and to thin warm liquids. 

If the original temperature of the Jiquid is low, say under 15' C., 
we may only take 

fc. = 700 , .(342) 

If the cooling surface* is oiiron, then for warm liquids i, = 800. 

If the liquid to be cooled is somewhat thicker than water, H, must 
be increased by about 20 per cent. 


• (241) 
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Table 68, which is clear without further explanation, has been 
compiled in this manner. 


Example.—Hn one hour m 1000 kilos, of an aqueous liquid at 0. 

aro to be cooled to ^ 17°. The cooling water is at 16°, and is to flow away at 

60°C. • • 

Now, fft G = E{t„a - i»e) » 1000(80 - 17) « 6(J,000 calories. 

The greatest temperature difference is: 0* =» 80° - 60° = 20°. 

, The least tompewture difference is: d, =» 17° - 15° « 2°. 

Sinee^i = J.L ft’l, if follows, from Table 1, that 
X 20 = 7*88'! 

Thus the necessary cooling surface is • 




C _ 63,0 00 

■ “ 10(W X ' f -88 X 1 

The requisite weight of cooling water is given by 

c-ifte-*<to)=ir(6o-i6), 
« . or TT = 1400 litres. • 


6 sq. m. 


F. Cooling by Contact with Metallic Surfaces which are 
, Traversed by Cold Air.* 

This method has been suffieienldy treated in Chapter.XX., B. 2, 
page 283. 


G. Cooling Water by Air. 

In cooling large quantities of water, the method is generally u9ed 
of expositjg the v..*ter with the groateat possible surface to air at rest 
jr in motion. The v.'ater is allowed to stand in shallow tanks with a 
great surfaee, to flow through a long shallow channel, to flow down 
in sheets over terraceg or over vertical or inclined planj walls; ft 
also falls in the foftn of jets and drops down cooling towers or is finely 
divided and sprayed by reses, to sink down as dost. 

The cooling, air either moves witlf its nRtural velocity, or is 
artificially driven, over th^ water. In these arrangements it is 
endeavoured to bring the greatest volume of air in dkect contact 
with water in the finest possible state of division. 

The cold air has a twofold cooling action on the warm water; in 
the first place it acts directly fty abstracting heat and itself becoming 
hotter. If the atmospheric air, at its first contact with the water, 
has the temperature and leaves it at tHbn L kilos, of air take 
from the water in being heated; 

C. = m-2m(tu - iu) 


( 843 ) 
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t In the second place the air cools the water by causing a portion 
of it to evaporate.. The atmospheric air, which is praotioally never 
saturated with .moisture, readily takes up pore, especially when it is 
warmed, as by the water in this case. 

In regard to the quantity of water whic^i can be taken up by air, 
and other questions of interest here, more detail will ,be‘ found in the 
author’s work. Drying by Means of Steam and Air (Scott, Greenwood 
& Co., London), from which the numerical • values" required below 
are taken. 

If 1 kilo, of air before jContaot wifn the water contains d. kilo, of 
vapour, and on leaving the water, d. kilo., this 1 kilo, of air has taken 
up during the contact (d, - d.) kii'o. of water vapour. If the mean 
temperature of the water was t,„, (he number of calories withdrawn 
from the water for the, evaporation' of the water taken up by 1 kilo. 
ofiKr-was 

C. = L(d.-dJ(640 -U.(244) 

Thus, in all,,L kilos, of air take from the water * 

C. + 0. = i[0-2375(f„ •- C) + (d. - d.) (640 - C)] (245) 

calories.« 

If W kilos, of water at the temperature are to be cooled to the 
temperature then there are to be withdrawn for that purpose 
- O calories; the principal ‘eqmtim is therefore 
C» - C, +'C. = F(C 

= X[0'2375(«„ - «,.) + (d. - d.) (640 - U]. . (246) 

The temperature of the external air, is very variable, and so 
also is the quantity of moisture in it; ,the temperature of, and 
moisture in, the air when itr leaves are variable, and the temperature 
of the oopling water is different in each case. In order to obtain a 
view of the prevailing conditions and actions in the many different 
and varying oases. Table 69 has been calculated for temperatures of 
the outer ain of (j, “ ~ 20” to + 30° C. and of the emergent air of 
t, - 5” to 40” C; t 

For Table 69, the amount of heat required for the evaporation 
1 kilo, of tvater was taken at 600 calories, which is perhaps somewhat 
low. It fs also assumed tUkt the atmospheric air is completely 
saturated at the prevailing temperature, but that it leaves the cooler 
at temperatures from 5” to' 40° C. only three-fourths saturated. The 
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values of d, and d„ which give the amount of water in 1 kilo, of »ir, 
are taken from Tables I. and III. of the above-mentioned work. 

Table 69 gi.es, in th§ first lines, the nnmbfcr 9l units of heat 
taken up from the wajpr by 1 kiloi of air* in becoming heated 
[0'2376(4and, in the* lines 2, the njimber of calories ab¬ 
stracted by tht saitui kilo, of air through partial Svaporation of the 
water J[(d, - d,) (600 - f„„)]. The sum of these two lines would then 
show how many (jalo^es are withdrawn in all by 1 kilo, of air. 

The lines 3 give the ‘ratio of the absorption of heat through 
heating to that through eva^mation. 

The fourth linos give the weight of air, L, required to abstract 
1000 calories Ir*m the water. 

the air reaches the* water at 0* C. and leaves it at 20“ C., the 
ratio of the heat leit^draivn b; heating the air to ^hat by evaporation is. bv 
section 6, line 8, n’627 : 0'478a 

If a total of 1000 calories Is to be abstracted, then the air must take for 
heating itself C, ‘ *1000 x 0 527 = 627 calories, and hy Evaporation C, = 1000 x 
0‘473 = 478 calories. 

Now, by equation (248), 

C, =- L0-2375(f„ - t,a) = L0-2376(20 - 0) = 527 calories, 
and thence the necessary weight of air (Table 69, section 5, line 1) is * 

Ij = = 111 kilos, (approx,). 

[To confirm, '■’hese 111 kilos., if the air is qmte saturated at 0°and only 
three-fourflis saturated at 20“ C., can in fact take up for evapratim 0, = 1000 x 
0'473 = 473 ealorics, for, by Table 1 (see Drying by Means of Steam and Air), 
the amountEf water which can be absorbed by 1 kilo, of air under these con¬ 
ditions is d, - (i„ = O'OllQg - 0’00387 = 0‘00716 kilo., therefore lll^ilos. absolb 
lll(dr - d„) = 0'794i6 kilo, of water, for which (on our assumption) C, = 0'79476 
X 600 = 476'8 calorics are rqijuired.] 

The fifth lujes contain the volume, u„ ot the weight of air, L, at 
the external temperature, A,.. This volume of air is obtained by 
dividing the weight of air, L, by the weight of 1 cub. m. of dry air at 
the proper terapemture (obtained from Table 1, column 8, of Drying 
by Means of Steam and Air). 

In the above example. 111 kilos, of air at 0° C. occupy a space of = gg 

1'263 

cub. m. 

The sixth lines then give the weight of vapour which is evaporated 
from the water by the calculated weight of air, L, which weight 4aiay 
thus be regarded as loss in the cooling apparatus. IJfiis ifi fo/a total 
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Table 69. 


The heat taken np bj 1 kilo. air in becoming heated, C„ and by 
evaporation, C,.' ,The fraction of &e total absorption of heat due 

The requisite 


to heating, 


'•C, 


, and to evaporation,. 


'C. + O. ^ c,+ 6’.' 

weight of air, L, and volume, F,„ and aho Ibc' evaporation of 
water for the absttaction of 1000 calories. For temperatures of 
the completely saturated externW air of - 20° to + 30° C. and 
temperatures of the outlet of the three-fourths saturated air 
fr6m 5° to 40° C. 
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Tabi/E 69— {continued). 


Temp, 
of the 
atmos. 
air. 

^ta 

t 

Temperature air outlet, f 

• 

6° 

10“ 

16“ 

20° 1,25° 

1 

30“ 

1 

36“ 

40“ 

• 0 

6 

10 

Ig 

• 

• * 

20 

26 

{ti»- tia) Q»2375 = 

[d, -^a) (640 - L) - 
By heating * 

By evaporation * 

Weight of air, L = 
Volume of air, V,a *= 
Wjterevap’t’d, kilos. 

(tu - tfa) 0-2376 = 

(d,-d^) (640-0 = 
By ■ 

By ovaporatio'i 
Weight of air, L == 
Volume of air. 7,a = 
Walter evap’t’d, kilos. 

(t(o - 0-2375 = • 

(d, - (640 - <„) - 

By heating 

By evaporation 
Weight ol air, L - 
Volume oi air, Via ~ 
Water ovap't’d, kilos. 

(i/< - iia) 0-2375 ^ 

{d, - da) (640 

By heating 

By evaporation 
Weight of*air, L = 
VoluHie of air, Via ~ 
Water evap’t’^i kilos. 

{iittr- tia) 0'2B75 = 

{d, - da) (640 - * 

By heating - • • 
By evaporation 
Weight of air, L — 
Volume of air, 7,« = 
Water evap’t’d. kilos. 

0-2375 = * 
(d,-d«)(640 -U = 
By heating 

By evaporation 
Weight of air, L « 
Volume of air, Via = 
Water evap’t’d, kilos. 

1-187 

3-162 

1-880 

3-120 

746 

081 

3*202 

•*— 

* 

2-37 

1-14 

0-675 

0-325 

284 

221 

0 540 

1-187 

0-160 

0-886 

0-115 

750 

600 

0-180 

_au 

t 

r 

h 

3-67 

2-52 

0-680 

0-414 

fl.65 

128-6 

0-680 

2-37 

1-53 

0-608 

0-392 

252 

201 

0-637 

I- 1 S 7 

0-21 

0-854 

0-146 

720 

683 

0-259 

• 

V 

4-76 

4-26 

0-527 

0-473 

111 

86-8 

0-794 

3-57 

3-30 

t)-518 

0-482 

145 

116 

0*797 

2-37 

1-97 

0-646 

0-454 

2SJ 

186-6 

0-759 

1-18 

0-12 

0-902 

0-098 

765 

635 

0-153 

• 

t 

5- 94 

6- 56 
0-475 
0-525 

81 

73 

0-786 

4-75 

6-58 

0-458 

0-541 

99 

80 

0-745 

3*57 

4-26 

0-457 

0-543 

129 

104-5 

0-916 

2-37 

2-4 

0-495 

0-606 

208 

172-6 

0-832 

1-187 

• • 

7- 13 
9-96 
o-a8 

0-582 

60 

46-7 

0-998 

6- 94 

8- 94 
0-400 
0-600 

67 

64 

0-998 

4J5 

7- 68’ 
0-862 
0-618 

80 

65 

1- 024 

3-87 

6-72 

0-847 

0-653 

OTi, 

80-6 

0-990 

2- 37 

3- 42 
0-409 
0-591 
172 
146 
0-98C 

1-18 

0-18 

0-88SJ 

0-lJl 

730 

631 

0-215 

___ 

8- 30 
18-87 
0-874 
0-626 

45 

35 

1-040 

7-125 

12-90 

0-366 

0-eti 

60 

40 

I- 073 

5-94 

II- 52 
0-840 
0-660 

57 

46-2 

1-100 

4-75 

9- 72 
0-328 
0-672 

69 

67-8 

1-118 

3- 57 
7-32 

0-327 

0-673 

90 

76-6 

1- 098 

2- 375 

4- 08 
0-369 
0-681 
156 
135 
1-06 

0 

9-50 

18-73 

0-336 

0664 

35-5 

27-6 

1-108 

6-80 

17-70 

0-319 

yesi 

38 

80-5 

1-123 

7- 13 
16-44 
0-326 
0-676 
44-4 

86 

1-216 

5-94 

14-68 

0-290 

T 

40-6 

1-191 

4-75 

12-18 

0-281 

0-719 

69 

50 

1-192 

3-67 

8- 98 
0-284 
0-716 

80 

69-2 

»-192 
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Table 69—{continued). 


1 

femp. 
of the 
atmoB. 
air. 

L 



Temperitute of the air outlet, * 



6 “ 


15" 


25“ 

3«" 

35' 

40’ 

p 

30 

((,. - (,4 0-2375 = 


_ 





1-181 

2-37’ 



(d -(i.)(640 - (.) = 

— 

- 

— 


f— 



4-66 

H 


By heating » . 

By ovaporafcion 
Weight of air, 

— 



— 

— 

— 

— 

0-342 

0-656 

D 


— 

- 

— 

— 

— 

— 

— 

145 

6 


Volume of air, = 

— 


— 

_ 

_ 

_ 

_ 


6 


Water evap’t'd, kilos. 

— ' 




f 

— 

— 

i 


f 


abstraction of heat of iOOO calories and on tjie assumption that the 
external air is completely, and the emergeyi air three-fourths, satu¬ 
rated with water vapour. 

It often happens that the external-air is not ooitpletely and the 
emergent aij is more th&n three-foui;kh8 saturated. In that case 1 
kilo, of water absorbs more moisture than is assumed in the table. 
Consequently less air is used for cooling the water and, on the other 
hand, more water is evaporated. In many cases ^to ^ of the 
wafer to be copied is removed by the air. 

In using Table 69, it is first necessary to calculate how many 
calories must be withdrawn in one hour from the water tp be cooled; 
fhe table then gives the weight and volume of the air and the evapor- 
afion of water per 1000 calories. 

The surface of the water, which must be in ooatact with the air 
in order to produce the desired cooling, is still to be calculated. 

If 0, be the heat th be taten from the water to warm the air, not 
by evaporation, 0 the surface of the watgr in sq. m., ?, the time of 
cooling in hours, S„ the mean difference in temperature between 
water and air, k, the coefficient of transmission, o, the velocity ip m. 
per see. with OWch the air passes over the water, then, by the qsoal 
principles, 

C, = z^Ok,e„ . 

and the surface requisite for th{ cooling by means of air if 
C. 


( 247 ) 
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The transmission ooeffioient for towers, in which drops, are 
abundantly formed, is 

— 2 + 18 fjvt, 

ior plane surfaces over which the water flows, 

4, =, 2 + 12 . . . . (249) 

for v^ter quite at rest a smaller coefficient must be taken, 

.4.=.2 + 10 VuT .. . . . . (250) 

The velocity of the air, tj„*in the atiposphere is very variable; it 
may be as high as 40 m., but even when there is no wind it is 
generally about l‘5-2 m., which figures must be employed in’calcula¬ 
tion. In cooling apparatus ma^e after the fashion of a chimney, in 
which the air rises in consequence of being heated, it moves with a 
velocity of about S m. JWhen the air is blown by fans thrcRgh'tbe 
chimney, the velocity may be arbitrarily fixed at 6-12 m. The large 
volumes of aw required are rarely moved by artificial means on 
account of the cost. 

The fresh air from fans is naturally maae to enter SklOtv in order 
to obtain counter-currents of air and water. .. 

The mean differcnae in temperature, 9„, is to be determined bry 
means of Chapter 1., Table 1. 

It may be si cn from the third lines of .Table 69 (hat the heat to 
be abstracted by warming the air, in proportion to the whole amount 
to be givqp up, is least when the air is heated by the water to about 
15° C., on the hypothesis that the atmospheric air enters the apparatus 
completely saturated and leaves it three-fourths saturated. 

If the external air U cold, the emergent aif will also be cool, and 
the temperaturp difference between air^nd water will then be large. 
On the other hand, if the external air is warm, it leaves s(ill warmer, 
and the mean temperature difference is then much less. As Table 69 
shows, in the former case the ait takes up more heat by being warmed, 
in the latter case more by the formation of vapour. , 

The consumption of air fs the least when it entdrs very cold and 
leaves very warm. The necessary water-surface is the least when 
unlimited quantities of air flow over it. If, in a definite ’case, the air 
is always to receive the same inoreftse iif temperature,lihen, whilst 
the temperatures of the water remain the same, a lower tempemtuie 
of the air necessitates more air and a smtdler surface for the water. 
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Air which is originally cold naturally is warmed through a greater 
range of tempeifalure than air originally warm; thus the consumption 
of air ts approxknaK;ly constant, but the fQr:mer takes up more heat 
from the same surface. Ceteris paribm, cold air-cools better than 
warm air. * , * ^ 

Example.—In jf* = 1 hour, 10,000 kilos. •£ water are to be croled from 40‘' to 
22® 0., for which C* = 10,000(40 - 22) = 180,000 calories are to be abatractedr 
The air moves with a velocity of 2 m.—(1) it is originaUy at C®, and is warmed 
to 25° C.; (2) it is at 20®, and is warmod to 35® C.^ The toifiperature-differences 
between air and water are , 

1. Air warmed from 0® to 25^— 

at the top, = 40° - 25° = 15°; at the bottom 0, = 22° - 0 ° « 22°. 

The uieau difiercnce is, by Table 1 (siilce = 0‘(>82), 

‘ 0„. = O‘44 X 22 = 9*08°. 

2. Air warmed from 20® to 35°— ' * 

at the top, 6^ = 40° - 35° = 5°, at the bottom, Sg - *- 20® = 2®. 

fETinean dilTercnce, by Table 1 (since | = 0*4) h 
= 0-65B X 5 = 3-39°. 

In the first case, from^Table 69, 0*475 of tho total amounf of heat is to be 
withdrawn by heatifig the aw*, C< -- 180,000. x 0'475 = 85,600 calories. In the 
second case,‘Cf= 180,000 x 0*327 = 58,8fj0 calories. 

Thus, when cold air enters, the water-surface necessary in a cooling tower is 
85,000 

0 =- TTT^ -= 800 sq. m. (approx.), 

(2 + 18\/2)9-G8 ^ ’ 

and Ivhen warn 9 .ir enters 

58,860 

The requisite weight of air is in the first case 
86,500 

* 0'2375( 2r^) ~ kilos. (= 11,250 cub. m.), 

in the second case • 

58,860 

~ 0*2375(3^ 20) ~ kilos. (= 14,360 cub. ra.). 

The surface which the loater presents to the air diust change as 
frequently hnd rapidly as possible. For heat penetrates slowly into 
a mass of water at rest (Chapter XX., 8, Table 46), rapidly warming 
the external lasers to a slight depth, but then entering the interior 
very slowly, ancLfbe laws which govem^this action also apply, if the 
expression be permitted, to the penetration of cold into the mass of 
water.’ The figures given in Table 50 hold good also for the decrease 
in temperatare of jets of jvatei which fall from step to step in a 
current of cold air. 

The^best cooling apparatus will thus always be in the form of a 
staging with the greatest possible number of low steps, over which the 
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air passes rapidly, either sideways or drawn upwards by a ohimaey. 
Meohanioal acceleration of the motion of the air will’b'e advantageous 
in but a few raia cases. » ^ « 

1000 litres of water, jvhich fall through 5 rn. in the finest state of 
division, foijn a surface of ahout 4-6 sq. m., Yhloh is however insuf¬ 
ficient to cool* the water. The remaining surface' required must be 
provided in another way, as by surfaces over which Oie water flows, 
which must b*e pf ample dimensions since they are generally not 
wetted throughout. 

We now give a few examples, collopted in Table 70, of open 
stagings (cooling towers) through which air circulates fieely. In 
quite open stagings without a ch'imnoy the temperature difference is 
greater, which is an advantagej but then the motion of the air is 
somewhat slowqf than with a chimney. 

Observed Examples.—By \meiLna of a cooling tower, witii many Steps and a, 
natural access of air, 3 x 12 = 86 s<j. m. in ground area, 4800 mm. high, and with 
32'2-5 sq. m. of wcgden surface over which the water flowed, 22,800 litres of water 
were cooled in one hour from 50° to 20° C., when the air entered at 2-5° G. and 
left at the different stages at 8'5°,’14 'dS, 20'6° C, From the watcj; were to be 
abstracted 

Ct = 22,800(50 - 20) = 684,000 calories. 

1 kilo, of satin ated air at 2'5° contains 0’0046 kilo, of water. 

1 ., „ ., s-s” „ O-OOOO „ 

1 „ „ U-a' „ 0-0107 „ • „ 

*1 „ „ „ 20-5» , 0-()153 „ ,; 

The mo%Q of tlic lust three numbers is 0'01096 kilo. 

If the^ which leaves the staging is only saturated to the extent of 80 per 
cent., then 1 kilo, contains 0'01096 x 0*8 s= 0'008766 kilo, of water. i 

1 kilo, of air thi*s taken up by evaporation 0'008768 - 0 0046 = 0 00416 kilo* 
of vapour, which corresponds to 2'4y6 calories. 

The air is heated on the average from 2*^ to 12*5^', i,e., through 10° 0., con^ 
sequently 1 kilo. Chken up bij being heated 10 x 0*2375 = 2-375 calories. 

Thus 1 kilo, of air takes up s. total of 2*496 + 2*376 = 4*871 calories. 

Of the total quautity of heat to be abstracted from the water, the air takes 

, 2*496 X 684,000 , ^ 

by esaporation, --— 380,438 calories; 

, , 2-876 X 684,000 . ..* 

by heating, -= 293,562 calories. 

The surface of the apparatus over which water flowed was 322*5 sq. 

The wetted surface underneath was estimated at • - • ^0 „ 

The surface of the falling drops was a^out 6‘hq. m. per ^ 

1000 litres, U, = 6 x 22*8 ..136-0 „ 

Total . 0 = 618*5 
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'Table 70.^ 

Examples erf the direct cooling by ftir 


1000 kiloB, of water per hour 1 

f from («,j 

40 

40 

i 



are to be cooled 

1 

i to 

tw' 

20 

!0 

1 

10 

3 

The air enters the cooler at - # 


• 

^la 

25 

10 

10 



• 

And leaves it at - - 


t 

• ti. 

35 

25 

90 


1 

' 6 

The temp, difference is at \he top 

9.°C. 

5 

< 

.15 , 

• 10 

20 

35 

The temp. difi. is at the bottom 

- 

e.°C. 

5 

10 

5 

• 

10 

20 

-* ^ W 

The ratio of Ihe temperature iifierenc* 

"a 

5 

5 

m 

5 

10 

10 

20 

30 

86 

• 

Hence the mean temp. difi. by Table 1 6„ 

« 

12-3 

7-24 

1 14'48 

19-9 

• . 

Total calories to be with-1 
drawn froin the water) 

• 

- Os 

20000' 



30QP0 

« 

30000 

Of above to warm the'air - 

• 

• 

- 0, 

73S0 

9140 

9560 

1^10 

21000 

Of above to evaporate th^ water 

f 

- c. 


,10860 

15450 


9000 

The water Ipses by evaporation 


kilos. 

21-1 

18-1 

• 

26'76 

24 

16 

Necessary surface of the water, in sq. 

m. 0 

60 

26 

45 

‘ 37’5 

36 

•• 

Necessary weight of sit at entry, in kilos. L 

tl08 

2570 

2000 

3330 

1 

5900 
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of water in a fine state of Tlivision. 
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The mean temperature-difieronce was 27", hence the ooeffioient of transminion 




C 293,562 
“ 518-6 X 27 


= 21 - 1 . 


Ae weight of ait^e^uired for cooling is 


, 293,562 

jti = 123,600 kilos. 

123 600 

The volume Vi -= =100,000 cub. m. (approximately), i.e„ 28oub. icu 

4 

per sec. If the air meets ^thc apparatus obliqua’y, the velocity would be about 
1*2 m., a>ud the calculated coefficient would be 


ft - 2 + 18 \/i-2 = 22. 

• 

2. A chimney ooolef with 18 plates, 1600 by 4800 mm., having a total wetted 
surfa(;e of 250 eq. m., cooled 18,500 litrey of ^vatf•^ per liour from 39" to 22® 0. 
by means of 44,000 cub. m. of air, blown in by a fan (llOP^ mm. diameter, 800 
cd^jhitipus) at 12'5® C. and leaving at 18‘8® C. at the top. *The air was saturated 
originally to the extent of 67 per cent. 

From the water are l«o be taken 


^ *C<.- = 18,’500(39 - 2J) = illd,600 calories. 

1 kilo, of air at 12‘5-' contains 0'00026 kilo, of water when completely saturated. 
1 „ * 12-5® „ 0-00C20I2 „ „ 67'6 per cent. „ 

? ., „ IB‘8® „ 0‘0140 „ „ completely „ 


"Thus, 1 kilo^ of air takes up by evaporatton, 

0*014 - 0^0062042 = 0-0QI78 kilo, of water, which requires 
J kilo, of air absorbs in beinfe heated from 12*5® to 
18-8®, 6*3 X 0*2375 .. 


4*68 qp.loriM. 
1 ' 4 *. 


Total . 6-176 

Accordingly the air takes up 

, ‘ 4*61x 814,500 , . 

by evaporiRion,-“ 238,807 calonas; 

^ 1-496 X 314,500 * „„ . 

by heating, -“ 76-193 calories. 


The velocity of the air was 3-8 m. per sec., the temperature-difiorenoo 14° 0., 
consequently the’aitfm-ned coefficient of transmjssion 




0 


76,193 
259 X U 


= 23-8. 


The caletiaM coefficient •! traamiissiou is 


h = 2 + 12 n/3-6 = 24. 
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H. Cooling Air by Water. 

Atmospheric air always contains more or .^ess^ moisture,,in the 
form of vapour. Tlie maximum amount of wpOur in 1 cub. m. of 
air is equal to the weij^ht of 1 cub. m. of saturated vapour at the 
temperatucS .of the air. If air which oon.)ains much moisture is 
considerably cooled, it generally reaches a condition in which it can 
contSin only » smaller weight of vapour, and consequently the excess 
of vapour must separate, ie., be condensed.* 

Thus, if a certain volume of air is to be artificially cooled in a 
certain time, it is necessary to take from it as much heat as is 
required. 

1. To cool the dry air itself.' 

2. To condense tbj vapour which must be separated. 

Let L = weight of air to be cooled, 

<r, = its specific heat = 0'2375, 

= its temperature before cooling (at the (leginning), 

= „ after „ (at the end), > 

= the weight of vapour in 1 kilo, of air before cooling, 

= ,1 ,, ,, after „ 

c - the total heat of 1 kilo, of vapour. 

Then in order t cool the air from to it is necessary to abstract 
the following amount of heat:— ’ 


C = - y + L{d- - d.) (c - y. 

In atmosphOiic air there is rarely more than 95 per cent, of the 
maximum quantity of vapour possible, generally there is considerably 
less. Even when moist air is strongly cooled, so that it deposits 
water, it does not remain saturated with vapour. , 

If we assume that the atmospheric air is saturated to the extent 
of 80 per cent., and also that its degree of saturation is 80 per cent, 
after cooling through a certain range of temperature,«then the above 
equation gives, for cooling 100 cub. m. of air, the quantities of heat 
which are arranged in the table on the next page. 

4 • See Drying by Means of Steam and iir tor amount of vapour in ait at 
diSerent temperatures. 
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0 

« 

iM 

5 

e 

£ 

2 . 
•2'5 

B 8 

O Q 

s 

« 

0. 

S 

u 

H 

•c. 

*0 

E 

i 

.t.rri 

S 0 

as 

d Cl 

•M 

0 

M 

tiO 

‘S 

kilo. 



80° 

26° 

« 

20° 

15° 

10° 1 


M412 

1-1630 

1-1881 

1-2154 

1-240b] 

Weight of the mtisture, d^, in kilos. 
<a cub. m. of this air. 

0-0244 

0-0'lH49 

00141 

0-0l04l[0'0076| 

‘Number of calorics k'ceeHsary to cool 
100 cub. m. of this air. 

25' 

0-01849 

Cals, lor cooling the air 

r q 

183 

_^ 


_ 

_ 

• 

*• Hr 

„ „ condensing vapour 

373 

I 


— 




Total 

500 

- 

- 

- 

- 

20° 

00141 

Cals, fq' coolina the air 

265 

136 

_ 


— 



„ condensing vapon^ 

ai4 

2V5 

— 

— 

— 


. 

Total 

909 

411 

- 


- 

16° 

0-01041 

Cals, for cooling the air 

398 

272 

145 

__ 

_ 



„ „ condensing vapour 

875 

505 

221 

— 

— 



^ Total 

1278 

777 

366 


- 

10' 

00076 

Cals, for cooling the air 

530 

407 

279 

143 




„ „ condensing vapour 

1000 

686 

385 

1^7 

— 

• 


^ Total 

1690 

1098 

667 


- 

6' 

0 0066 

Cals, for cooling the air 

663 

644 

477" 

286 

146 



„ „ condensing vapour 

1198 

821 


308 

180 



Total 

1861 

1365 

• 

92^ 

594 



The necessary quantity of cooling water depends on its initial and 
final temperatures, t, and f„ it is 

.( 261 ) 


The cooling surface, fpr the cooling of definite quantities of air, is 
obtained froili the ordinary‘equaition : ^ 
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Tablk 71. 

The temperature different, consumption of u^ling water, W, and 
the necessary surface, ITj, of water in rafid motion, in order to 
cool h<jnrly lOO cuB. mt of air, which flotra with the velocity, 
», ■» 1 ma from 30°-10° C.idown to 20°-5'*C. 


1 

o 

'3 

. 

&s 

S • 
H 3 

irt 

o 

is 

^ U) 

.2.5 

i-H O 

t. 

• ^ 

Mean temp. diff. * . 

Consumption of cool¬ 
ing water ... IT 

• 

Cooling surface • - Hi 

• ^ 

For t>j«5l and metal walls. 

• s 

• 

Initial temp, of the air, t/a. 

• 

30“ * 

25° 


■1 

10° 

Final temp, df the cooling water, 

20° 

15” 

• 

15° 

15° 

12° 

12° 

m 

•5» 

20° 

15° 

flvr. 

7-24 


_• 








W 

185 

— 

_ 

—^ 

_ 

— 


— 



rr 

P35 

_ 

• 

— 

— 

. — 

— 



10° 


10 

12'8 

10 

— 

— 


— 

— 



w 

92*6 

185 

82*2 

... 

_ 

— 

— 

— 



s. 

4'61 

3-74 


— 

- 

— 

— 

— 

15° 

10° 


7*24 

8'4 

7-24 

6 

6-4 

— 

_ 




W 

127 

256 

166 

73'2 

IfiS 

— 


— 



St 


7-6 



2-74 

— 

— 

- 

10° 

6“* 

K 

7-24 

.8-4 

7-24 

5 

6-4 

’30 

5 




w 

Hiyl 


109 

66-7 

95 

45 

32 

_ 


•' 

St 


9-6 

yg] 

6'69 

E'18 


3-20 

— 


2° 

Ir. 

807 

11-3 

807 

6'4 

8 

,5-2 

6-4 

• 



w 

89 

123 

91 

61-1 

66-7 

32 

40 

— 



St 

E£3 

71 

EIu 

618 

71.1 

^7i 

21)0 


6° 

2° 

K 

•i-BiJ 

7-6 

61. 

SO 

3-8 

8 

30 

39 



W 


t43 

go!? 

71-2 

92-5 


76 

92 



B, 


12-6 


11-9 

m 

H 

1^ 

S'20 


If the velocity of the air is greater than 1 m. pec see., vu,, 

1 I 2 I 3*1 t I 6 I 6m. 
the surfaces of direct contact vrilji the rapidly moving ooolifig water, if,, required 
to cool 100 cub. m. par hour, are obtained by multiplying the figures & the above 
Table by 1 | 0-73 | 0-60 | Qi63 | 0'48 | 0-« 

If the air flows pasth cooled metallic surface, its netessacy superficies is obtained 
by multiplying the above surfaces, flt, by * 

1'66 1106 11-04 I 0-90 | 0'^ | Old 


22 
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,The mffieient of transmission of heat, k,, in this equation may be 
assumed to be: ‘ 

1, When the oo'jng surfaces are metaliio walls, 

fe, - 2 + 10 n/u,.(253) 

2. When the cooling surface consists of moving *and rapidly 
changing surfaces of water, jets or drops, 

ft, = 2 + 18 VuT • - • , • ■ . ' (364) 

The mean temperature Mfferenoe is ob|iained frSm the initial and 
final differences in temperature between air and cooling water, and 
must be calculated in the usual manner for each case by means of 
Chapter I., Table 1. 




CHA^EB XXIJI. 

THE volumee; to be exhausted from condensers by the 

AIR-PUMPS. 

A. General. 

Ik this chapter we proceed to determine the volume of gas and 
vapour which athe air-pump must exhaust from any condenser, 
whence the dimensions of the^pnmp are obtained.* 

The air and inoondensible gasSs which obtain admitlailce to the 
condenser are derived from; 

1. The liquid to be evaporated. 

2. The injected cooling water. 

3. Leaks in t^’e apparatus and pipes, wjiioh are rarely entirely 
absent. 

The vqfume of air, introduced into the condenser by each of these 
sources separately, is seldom to be ascertained in any particular case. 
It is therefore ntsiessm^ to be content with an approximate estimate 
of the total quantity of, air introduced in all Jhree ways and after¬ 
wards to be removed. It is usual to ^xpresst this total quantity of 
air as a fraction of the injected water. Although there are certain 
connections between the quantity of the cooling water and that of the 
air to be exhausted, yet the latter is certainly not directly proportional 
to the quantity of cooling water. If we however a|sume such a 
proportionality, as is the custom, it is done becslhse only in this 
manner is a basis for oar considerations to be found. It will of 
course be permissible to modify or specialise {pr particulaf conditions 
the assumptions here made. 

In view of the large volumes of gas which cold water can contain 
197 volumes per cent, of carbonic acid a* 17° C.. 1S.200 per,oent. oJ 
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sulphurous acid at 14° C., 326 per cent, of sulphuretted hydrogen at 
14-6°, 73,700 per cent, of ammonia at 14'14) it is necessary to assume 
that fhe injected w^.ler used for condensathan may frequently contain 
considerable quantities of gases. 

On the other hand, it is usual to 'assume (after Bunsen, Oaso- 
mtriische MetJiodai, 1&57) that rain .water and most spring waters 
contain about 2'5 volumes per cent, of atmospheric air. 8prin,g5 are 
known the water of which contains 12 volumes'of gas jper cent. 

The liquids to be evaporated also contidn veiy variable, and often 
considerable, quantities of gases, especially ammonia. In this case 
also 2-5 per cent, may be taken as the average. 

Eilally, the leakages in the apjiaratns and pipes, are to be con¬ 
sidered. We assume that the qyantity of air entering through 
faulty joints, cracked glasses and defective metallic connections, is 
•equal *o 10 volumes per cent, of the cooling waW employed. 

Thus the air introduced into the condenser is 2'5 + 2'5 -H 10 = 15 
volumes per cent, of the cooling water. For safety,iand in order to 
allow for the posiible presence of other gases than air in the cooling 
water, this humber will be still fu'rther increased. We shall assume 
that incondensible gases to the extent of about 20 volumes per cent, 
of the cooling water are carried into the condenser, i.e., that for every 
1000 litres of cooling water 200 litres of air (and other gases) enter 
the condenser.' 

Now 1 cub. m. of air under atmospheric pressure at 0° b. weighs, 
1'294 kilo, and at 15° C. 1-2266 kilo., thus 200 litres oi, air weigh 
about 0-25 kilo.; therefore we shall take as the basis of the following 
calculation the assumption that, lor every 1000 litrec of cooling water, 
0-25 kilo, of air is introduced into the condenser and must be pumped 
out 


From equation (176), W = —r^, and Table 41, we know the 

h ~ h 

quantity of corling water required in each case; therefore we can at 
once find, on thb basis of the above Somewhat arbitrary but suf¬ 
ficient assumption, the weight of air to be exhausted from the 
condenser. ‘ . 

The so-called wet anH dr^ air-pumps must now be considered 
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B. The Volume of Air to be exhausted from .Wet Jet- 
Condensers. 


By a “ wet ” air-pump is understood a pump.whioh, together with 
the air, takes in the whole of the water fsom the condenijee and 
forces it away^ 

' The air tij be removed from the condenser is invariably mixed 
with vapour at the same temperature as the air. The common tem¬ 
perature of the air and vapouf depends on that of the water with 
which they were last in contact. In weir condensers the mixture of 
air and vapour remains together with the qu'te warm water to be 
drawn off (fornfed from the injected water and the condensed steam), 
and goes with it into the pumjh It has therefore almost the same 
temperature as tfi^ ^ater. In counter-current condensers th^Mj.ij 
last in contact with cold’injected water, which has just entered, and 
thus is cold when it reaches the air-pump. 

A wet condenser can be so arranged that the |ir-pump exhausts 
the warm water from the botton. and t.^e’ air, which jg ^hen cold, 
because it was last in contact with the injected water, st the top. 
The cold air, however, then enters the pump along with the warm 
water, and is rapidly heated by it and the vapours rising from, if, 
since its weight is small in proportion to that of the water, ^he 
final condition between air and vapouj is tHhs also in this case quite 
.similar to.the ordinary condition in which air and water are taken 
off togeUjer, although not quite the same. The vapour, which is 
mixed with the ait, has always the temperature of the waste water 
in wet oondensefe, consequently the pressure it exerts is the greater 
the warmer the water Vhich flows avjay. The pressure of the air 
(and thus its weight per cub. m.), which, togefher with the pressure 
of the vapour, gives the tatal pressure, is the greater the’oolder the 
water exhausted by the pump. 

The volume of the air depends on its pressure (which is only a 
portion of the total pressure in the condenser) an4 iffi temperature; 
it may be calculated as was Jone in Chapter XX., 9, and in Table 47. 

Let F = the weight of injected water. 

L = the weight of air in the ^ater., t)n our assumption 


L = F 


0-25 

1000 


kilos. 


. . ^ 255 ) 
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= the volume of air in oub. m., which is to be exhausted 
* ^rom the wet condenser, from the dry condenser, 
'an^^,„ from the surface ccOdenser. 
a, = the volume of 1 kilo, of air in /!ub. m, 
y, =■ the weigjpt of 1 otb. m. of air in kilos, 
p - the pressure of the atniosphere in kilos.' per sq. m. •• 
10,336 kilos. 

t, = the temperature of the waste wafer, r ' 
o = the coefficient of expansion <3 air = 0'003666. 
b = the pressure of the air in the condenser in mm. of 
mercury. 

1 • 

T = the absolute temperature, T ■= - + t, = 273 + 

■Bj-'lhe laws of Mariotte and Gay Lussjio = iJ, a constant, 


which for air is 29’27., 

Thus 1 kilo. 0 ^ air has the volume 
‘. 273 + I 

Q, S3 ' 

p 

and L kilos, of air have the volume 


29-27 




(256) 


(257) 


■ For a pressure, which is^of the atmospheric when measured? 

. (258) 


in mm. of mercury, the volume of the L kilos, of air is 
‘ ir -760 


' 29-27 


,., M2 73.029-27 x 760 


or, inserting the numerical vffiues, 
3 + 02i 
lOOOpi 


In the case of every evaporator the weight of steam passed into 
the condenser^whioh is equal to the weight of water to be evaporated, 
is given.^ The weight of the injected wAer, W, then follows by means 
of equation (176) and Table 41, it its initial and final temperatures 
are knowUj Both tbewe temperatures may be given under certain 
circumstances, but under others they must be assumed after examin* 
ing the case. From the weight of the injected water there follows, on 
our hypothesis, ^the weight of the air introduced into' the condenser. 




THE m. Eftba WEf OONDBHSXB& 34S 

TMUUm, or, what is toe same ttung, tbe atr olute preasure io 
*the oondeneer, c .r. generally be fixed ae desired. ^ will naturally 
be endeayoured to reach the highest possible vacuum, i.e., the lowest 
possible pressure. 

The volume of air t(»be jxhavisted is obtaiijed at once, from its 
known wei|ht and the vacuum decided upon# by equation (2i)^ and 
Table 47. 

Example.—VI a 41 , » 10° 0. is at disposal to condense 100 kilos. o{ steam ; 
it is to flow away aft, -10° C. The vacuum is to be 680 mm.,the absolute 
pressure is to be 760 - 680 =*80 npi. By Ohaptef XX., Table 41, the injected 
water is then W = 1960 kilos.; the tension of tj^e vapour is 64'9 mm. at 40° 0., 
and since the total pressure is 80 mm., the pressure of the air, 6 = 80 - S4'9 = 26-1 
mm. All the negessary figures for calculating out the equations are no« given. 

1960 V 0-26 • 

The weight of the air L = — “ 0'484 kilo. 

The volume oU klIy,V air at 40° 0. and 2&T nfm. pressure is, by Table 47, 
0) a 27,020 litres. Oonsequqiutly the volume of 0-484 kilo, of air is (forfllW Hoi. 
of steam) 

* 7», - Lo, = 0-484 X 27,020 = 13,078 litres. 

The wet air-pump has therefore to remove, in the oondejsation of 100 kilos, of 
steam, 1960 kilos, of water +100 kilos. 8x>m steapi and IS.OTO titles,of air, in all 
15,180 litres. 

In Table 72 are given the quantities of injected water and the 
volumes of air, which must be exhausted by wet air-pumps, for 
vacua of 600-740 mm., for initial temperatures of the cooling water 
of t, => §°-35° G., and final temperatures of I, = 10°-50° G. 

If thf^ injected water and the liquid to be evaporated con¬ 
tain more or less air and gases, and the apparatus is more or less 
air-tight than we hare assumed, the volume of air giuen in Tible 
72 must be incrSased or diminished in proportion to the altered cir¬ 
cumstances. The figures in the table are determined for actual use, 
and for most oases are to be regarded as abundant. But if the water 
employed contains, e.g., n*t 20 per cent, (by volume), but*16 per cent, 
of gases, the volume of air to be exhausted is of that given in Table 72. 

Table 72 not only gives the aotuai quantities of water and air to be 
eahcmied, it also shows that for any determined^ iftojMtm and any 
temperature of the injected \>ater there is a definite most favourable 
temperature for the waste water, at which the volume ,of air to be 
exhausted is least. The reason for ^his i^,%hat the higher the tem¬ 
perature of the waste water the less water is required, and consequently 
the less air is introduced into the condenser; but the warmer th^waste 
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Table 72. 


The cooling water required, and the volume of air to be exhausted, in 
lif.es, for the evaporation of 100 kilifs. of water at vacua of 
600-740 mm., with the cooling water aji initial temperatures of 
5°-30° C., and final temperatures of t, = lO'iSO’ C., for 
wet jei-oondenkms. ' ' 



12484 
6451 
4496 
3541 
3032 
2775 
2690* 
3035 
' 3284 
12902 
• 6744 
4721 
3789 
3328 
3137* 
3524 
3696 
13527 
7081 
5051 
4162 ' 
3844 
3748*1 
4952 
14183 
7587 
5543 
4706 


* Indicates the most favo^iTable conditun. 
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Table 72—(continued). 
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15 50 < 
20 25 
„ 30 

„ 35 

„ 40 

„ 45 

„ 50 

25 30 
, 35 

„ 40 

„ 45 

„ SO¬ 
SO 35 


15 

6080 

20 

4020 

25 

2990 

30 

2372 

85 

1960 

40 

1666 

45 

1445 


20 

6030 

25 

3991 

30 

2965 


48-02 

^-410 

5970 

116-45 

2-995 

16565 

108-45 

1-485 

8969 

‘?8-17f 

0-982 

6662 


0-780 

5798* 

68-61 

0-579 

5802 

48-02 

,0-478 

6960 

108-45 

2-970 

17939 

98-17 

1-473 

9991 

85-1 

0-973 

7727 

68-61 

0-724 

7168* 

48-02 

0-574 

8357 

98-17 

2-945 

19982 

85-1 

1-460 

11595 

68-61 

0-965 

9581* 

48-02 

0-718 

10447 

85-1 

2-920 

23191 

68-61 

1-448 

14377* 

110-8 , 

3-062 

16908 

107-3 

1-520 

8811 

102-61 

1-005 

6205 

96-45 

.0-748 

5014 

88-45 

0-593 

4390 

78-17 

0-490 

4171* 

65-1 

0-417 

4280 

48-61 

0-361 

5103 

28-02 

0-318 

7956 

107-3 

3-040 

17632 

102-61 

1-508 

9310 

96-45 

0-998 

6675 

88-45 

0-741 

Mm 


,, 40 1943 

„ 45 1C80 

„ 50 1483 

15 20 12060 
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Table '12—{continueij. 


s 

•i. 

s 

t* 

mm. 

H 

p Absolute pressure. 

S''jam. 

, Cooling water. 


e 

s 

% 

£, 

I- 

®c. 

4a 

s 

4a 

1 

c. 

• 

E 

s 

3S. 

■a| 

ta. 

s' 

‘1 

II 

•tg. 

1 

1 

kilos. 

4 

« 

o 

3 

3 

1 

• 

mm. 

4a 

■§> 

s 

kilos. 

O 

B 

S 

0 

> 

Litres. 

640 

120 

as 

623 

15 

23 

5980 

96-45 

1-495 

*9990 






30 

3963 

88'‘45 

0-988 

7316 





• 

It 

3t 

2940 

78'17 

0-735 

6262 



^ • 


II 

40 

2332 

65'1 

0-583 

m*. 






45 

1927 

48-61 

0-482 

*^99 






50 

1637 

28-02 

0-409 

10233. 





20 

25 

11960 

99-45 

2-990 

21979 






30 

5930 

. 88-45 

.1-482 

10971 






•35.1 

3920 

78-17 

0-988 

^ 7342* 






40 

2915 

661 

0-729 

7592 






45 

2312 

48-61 

0-578' 

8167 






50 

1910 

•28-02 

0-478 

11959 . 



.. 


25 

30 

11860 

88-45 

2-965 

21960 






35 

5880 

78-17 

1-170 

12513 


• 



II 

40 

3857 

65-1 

0-972 

10122* 


,, • 




45 

2890 

48-61 

0-723 

10213 






50 

2292 

28-02 

0-573 

14336 





30 

35 

11760 

78-17 

2-940. 

25025' 



»• 



40 

6830 

65-1 

1-458^ 

15184 






45 

3864 

48-61 

0-964 

13620* 






60 

28^5 

28-02 

0-716 

17914. 



• 


35 

40 

11660 

65-1 

2-915 

30357 

■ 




• 

45 

5780 

48-61 

1-445. 

20427* 

660 

100 

52 

622 

5 

10 

12240 

90-8 

3-060 

20869 






15 

6070 

87-3 

1-518 

10823 






20 

4013 

82-61 

1-003 

7692 






25 

2985 

76-45 

.0^46 

6284 






30 

2368 

68-45 

0-592 

. 5673 






35 

1957 

58-17 

0-489 

5599* 






40 

1663 

45-1 

0-416 

6232 






45 

*443 

• 28-61 

0-361 

8718 






50 

1271 

8-02 

0-318 

28458 





10 

15 

12140 

87-3 

3-035 

21B40 






20 

6020 

82-61 

1-505 

*11543 


tf 




25 

3980 

76-45 

0-995 

8382 





II 

30 

.2960 

68'45 

•0-740 

7091 




• 


t 

* 

• 


* 
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% 

3 

3 

3 

i 

m. 

^ Absolute pressure. 

cSte^m. 

Cooling water. 

Air. 

(9 

u 

p , 
■§ 

8 

04 

1 

*>0. 

1 

J3 

1 

o 

H 

C. 

o 

h 

9 

"5 2 

.S 04 

? a 

t3s 

S 

a 

1 

« & 
,® s 

-Ei 

s 

’S 

^ . 

Ifllos. 

h 

9 

M 

1 

« 

£ ' 

mm. 

2 

09 

kilos. 

O 

S ' 

9 

0 

> 

Litres. 

60 

100 

52 

622 

10 

35 

2348 

5817 

2-587 

6721* 






40 

1940 

451 

0-485 

7265 






45 

' 1677 

28'61 

0-419 

10118 






50 

1430 

0-C3 

0-358 

31791 






20 

12040 

82-61 

3-010 

22966 






25 

5970 

76-45 

1-493 

12578 






30 

3946 

68-45 

0-987 

9462 






35 

2935 

68-17 

0-734 

8403* 






40 

2328 

451 

0582 

8718 


M 




45 

1923 

28-61 

0-481 

11611 






60 

1634 

8-02 

0-409 

36555 





20 

26 

11940 

76-46 

2-985 

25164 






30 

6920 

68-45 

1-480 

14181 






36 

'3913 

58-17 

0-978 

11098 






40 

2910 

45-1 

0-728 

' 11020* 






45 

2308 

28-61 

0-57? 

13715 






50 

1907 

8-02 

0-477' 

. 42687 





25 

30 

11840 

68-45 

2-960 

28364 






35 

5870 

58-17 

' 1-468 

16803 


„ 




40 

3880 

,46-1 

0-970 

14331* 






46 

2885 

28-61 

0-721 

17219 






50 

2288 

8-02 

0-572 

61188 





BO 

35 

11740- 

58 17 

2-936 

33306 






40 

5820 

45-1 

1-455 

21796* 






45 

3847 

28-61 

0-962 

23232 






50 

2860 

8-02 

0-715 

63965 





35 

40 

116^0 

45-1 

2-910 

43592 






45 

5770 

28-61 

1-443 

34836* 


ESI 

48 

621 

5 

10 

12220 

70-8 

3-073 

24759 

‘ 



- 


15 

6060 

67-3 

1-516 

14053 






^20 

4006 

62-61 

1-001 

10150 






25 

2980 

56-45 

0-745 

8508 






30 

2364 

48-45 

0-591 

6961* 






35 

1453 

38-17 

0-488 

8635 






40 

1660 

28-1 

0-415 

V 11176 






45 

1440 

8-61 

0-360 

29636 







t 
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water, the higher is the vapour pressurb over it, and therefore the lower 
is Ihe pressurerof the air and the greater its speoifie volume. 

On the supposition that the weight of air to be exhausted is 
direcfly proportionhl to that of the injected* water, this most favohr- 
able condition (the exhaustion of the Ipast'volume of air), which is 
indil-atfid in Tabl^ 72t by an asterisk (•), also occnre'at the same 
temperatures of the outflow if the cooling water has a proportion of ajr 
different to that which we assumed. Unfortunately gur supposition 
of the complete proportionalitj* between jir and ^irater is not quite 
reliable. In reality, therefore, the <moet favourable condition fre¬ 
quently occurs at another temperature, which cannot be determined 
beforekand. It must suffice to knoiW that there is a giost favourable 
temperature, which tan well be found for apparatus at work. 

Since wet air-pumps must oar/y off thq air in addition to the 
i-'jectqd water, their dimensions must be so takarytfiat to the volume 
of air to be exhausted, as given in Table 72, is added the injected 
water, W. 


C. ttiff 'folume of Aiff to be 'Exhausted from Dry Fall-pipe 
Jet-condensers. 


A dry air-pump is one which exhausts the adr and unoondensed 
gases from the condenser, but not the water. It takes the air from 
the condender at the place where the cooling water enters, 'and thus 
the exhausted air has quite or almost the temperature'of this in-* 
jected water, t„. 

On ou# assumption, the weight of air taken from the condenser— 
that to be exhausted by the air-pump—-is directly proportional to the 
.auantity of the injectdd watqr; therefore equation (255) gives, here 
also the weight of air: ' 


WO'25 

1000 


(260) 


Equation (259) is used to determine the volume of air, which the 
dry air-pump has to carry away, with fee difference, that instead of 
inserting thp temperature of the waste water, t„ for that of the air, 
that of the entering water, t., is to be used. 


F, 


TF0-25(273 + t.)29-27 X 760 „ ,„_TF(273 + 0 
■ TOOOpi =0 6385 j (26!) 
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Table 78 baa been oalculatSd by means of 'i>his equation. In this 
case, as with wet oondensers, a larger or smaller proportion of air in 
the injected water increases or diminishes the volume of air to be 
ediausted. 

The chief (iijjSerenocsjbetyeen. wet and dry, condensers (almost 
entirely to tlTe advantage of the latter) are th^ following:— 

The temperature of the water from dry (fall-pipe) oondensers may 
be higher than from, wet oondensers, since, as we know, it may 
almost attain tte femperajire of the Wapours passing into the con¬ 
denser. Dry oondensers, thewfore, require much less water than 
wet oondensers of iho same capacity. 

The smaller quantity of watip’ brings a correspondingly smaller 
quantity of air mto the apparatus, and, since this air is almost at the 
temperature of the entering ooobAg water, i.e.,^muoh colder than in the 
wet condenser, tlte smatler weight of ait has also a smaller spfioifi'i 
volume. Also the vapoui*mixed with the air has a lower temperature, 
and therefore a jpwev pressure, and there remains a larger traction of 
the total pressure in the condenser for the ait. Tl'jxs there is almost 
always a smaller volume of air*to ue exhar.^ted from a drji^.-!#enser. 

Dry air-pumps may run at a greater speed than wet, because they 
have no water to overcome; for same reajon they may always be 
smaller than wet pumps lor the same evaporative capacity. 

Comparing the very different volumes of air to be exhausted in 
the different oases considered in Table J73, t&e following*conclusions 
miay be drawn 

1. Evetl with very warm cooling water fairly good vacua may be 
reached by mean- of dry condensation. Such conditions i%guire only 
much cooling water and large air-f^mps. The cooling water is stUl 
usable when it is only a few degrees cooler thanHhe temperature of tia 
evaporating liquid. 

2« The more nearly the temperature of the exhaustedaii*approaches 
to that of the entering doling water, and that of the waste wader to the 
temperature of the evaporating liquid, i.e., the more completely the 
cooling water is utilised, the better is the condensation, 3nd the smaller 
may the air-pump be. When the air-pump is only just large enough 
under ^iven conditions, the ..uensation can never be improved, but 
only made worse, by a larger water sujjply. ^ * • 

3. It is very important to take the air quite cold from the condenser. 
The colder the air, the better the vacuum. 

23 • 
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Table TS, 

The oonaumpthu of cooling water and volume of air, in litres, to be 
ei^usted, for the condensation of 100 kilos, of steam at vacua of 
600-740 mm. 

Initial temperature of the cooling watei, ( 4 , ='5° to 50° C. 

Final „ - „ ,, t., = 10°to*61-5°C. 

in dry, fall-pipe jet-oowdensen. 


Vacuum, 600 mm. 


Absolute pre^^ure, 160 mm. I 

Temperature, 61*5" C? 


Total heat 

c ~ 625 cals. 

Cooling water. 

Air. 

Initial 

tempera- 

Final 

tempera- 

Weight. 

Tempem- 

Pressure. 


Volume. 

■ tu.r... 

ture. 








kilos. 

tia. 

mm. 

kilos. 

Litres. 

6 - 

•61-5 

997, 

5 ' 

153’5 

0-26 

978 




10 

ISO'S 


1017 




15 

147'3 


1055 


55 

1140 

5 

153-5 

0-285 

IIW 




10 

150-8 


1159 




15 

147-3 


1205 


■50 

1277 

5 

153-5 

0-319 

ul247 




10 

150-8 


1298 


M 

tl 

15 

147-3 

II 

. ,1346 

' 10 

' 61-5 

1094 

. 10 

150-S 

0-274 

1115 




15 

147-3 


1156 




20 

142-6 


1210 

jio ” 

55 

r 2 G 6 

10 

150-8 

0-317 

1289 




15 

147-3 


1338 




20 

142 6 


1400 


50 

1437 

10 

150-8 

0-359 

1460 




15 

147-3 


1515 

It 

¥ 

>. 

20 

142-6 

11 

1586 

15 

61-5 

1212 

15 

147-3 

0-303 

1279 


* 


20 

142-6 


ms 




<;25 

136-5 


1430 



1425 

15 

147-3 

0-356 

1502 

,1* 

tt 

_ J 

»» 

20 

142-6 

. 

■’ 

1572 
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Tablb^ 73— {continued). 


^ Vacuum, 6u0 mm. 

Temperature, 61*6“ 0. 

• • 

Absolute presBAre, 160 mig.. 

’ Total h8at,*e — 625 oa>s. 

Cool!^ water. 

1. A*. 


• 

Initial 

tempera* 

ture. 

ta- 

tempeA- 

ture. 

tr 


• 

15 

55 

» 

50 

It 

)) 

ti 

II 

20 

6?5 

»» 

It 

55 

>» 

n 

11 

50 

» 

t) 

” 

»» 

25 

■ 61-5 

tl 

f) 

M ' 

55 


• 

V 

60 

It 

1 ” 

It 

M 

30 

61-5 

» 

1 

l> 

II 

55 

• 

>1 


1 II 


1629 


1544 25 

• 80 

>. 35 

1^00 25 

„ 30 

35 

2300, 25 


2280 
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Tabl^ 73— {continued). 










BVAPORATIKO AND CONDfiilsfNO 'APPASATD8.' 
Table ’Jd—{eont{v.md). 


Vacuum, 620 jmm. 
Teibp^ature, '56*f ° Q. 


Absolii^te presBure, 140 mm. 
Total heat, c » 6^ cals. 


Initial 

tempera¬ 

ture. 


Air. , ■' 

Teippera- 

t'dre. 

Pressure. 

WAght. 

Volume. 


mm. 

kiloa. 

Litres. 

15 

127-3 

0 325 

1586 

20 < 

m-6 


1680 

25 

116-5‘ 


1797 

15 

127-3 

0-410 

2001 

20 

122-6 


2120 

25 

116-5 

„■ 

2267 

15 

127-3 

0-482 

2355 

20 < 

-122-6 


2495 

25 

116-5 

if 

2668 

20 

122-6 

0-379 

1959 

25 

116-5 


2094 

30 

108-5 


2310 

,20 

122-6 

0-478 

£471 

25 

116-5 


■ 2703 

30 

108-5 


. 2913 

20 

122-6 

0-579 

2993 

25 

116-5 

>r 

3202 

30 

108-5, 


3529 

‘ 25 

116-5 

0-420 

2372 

30 

108-5 


2615 

35 

98-2 


2913 

25 

116-5 

0-574 

3174 

30 

108-5 


3498 

35 

,98-2 


3892 

26 

116-5 

0-724 

4004 

30 

108-5 

a 

4413 

35 

98-2 

if 

4906 

30 

108-5 

0-505 

3078 
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Table' 73— {continuei). 


Vacuum, 020 mm. . 

• Temperature, C.* 

• 

Absolute pressure, 140 mm. 

Total heat#c = 624 caj^. ' 

• • < 

Go(AiDc water. 

• • 

1 

• 

• 

• Aif. 


» • 

Initial 

tempera- 

^al 

tempers- 

• 

Weight. 


Pressure. 

Weight. 

■Volume. 

ture. 

turc. 

u. 

kilos. 

• 

tla> 

• 

•mm. 

kilos. 

Litres. 

30 

58 

2021 

• 

35 

98'2’ 

0-505 

3424 



• 

’•40 

86-1 


4020 


50. , 

*70 

30 

108*5 

0-718 

4^76 . 



A* 

35 

98-2 


*4868 




40 

•85-1 

0-965 

5715 


45 

3860 

30 

108-5. 

5855 

it 


it 

35 

9g-2 

♦ »» 

6543 

it 

it 

it 

• 40 

85-1 

” ^ 

. -5681 

35 

58 

2304 

35 

98-2 

0-576 ' 

3905 




«to 

SS'l 

W-» 

4585 . 




45 

68-6 

0-957 

5U7 


50 

3827 

35 

98-2 

6488 

1. • 

1) 

41 

40 . 

85-1 

44 

7618 


» 


45 

68-6 


9599 


. 45 

5790 

35 

98-2 

1-448 

9817 



* 44 

40 

85-1 


1152& 


it • 

44 

45 . 

68-6 

44 

14523 

40 

58 

3l44 

40 

, 85-1 • 

0-786 

6257 




45 

68-6* 


7884* 




50 

48 


11444 

• 

50 

5740* 

40 

85-1 

1-435 

11022 




45 

68-6 


14393 




50 

48 


20893 


45 

115^ 

40 

881 

2-8^5 

28044 


ti 

44 

45 

68-ei 

44 

£9037 


it 

14 

50 

48 

'» • 

42151 

• 

45* 

58 

4354 

45 • 

68-6 

1-089 * 

10923 

n 

41 

” 

50 

•48 

>4 

15856 

• 
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y&cuum, 62P mm. 

Abs<,1ute pressure, UO mm. 

Temperature, 59'5°«C, 

Total heat, o - 624 oals. * 


Vaouuiu, 640 mm. 
TemjJerature, 65° C. 


'tzr 

Weigk 

t 

Volume. 

tia> mm. 

i 

kilos. 

i Litres. 



22-5 

1089 

34685 

1) 

.68'G 

2-870 

28786 


48" 


41787 


23-5 

it 

1 91410 


48 

1 

1-739 

25766 


Absolute pressure, 120 mm. 
Total heat, c = 623 cals. 


5 

113-5 

0-284 

10 

110-8 


' 15 

107-3 


5 

113-5 

0-313 

10 

110-8 


15 

107-3 


‘ 5 

113-5 

0-3615, 

10 

110-0 


15 

107-3 

v> 

10 

110-8 

0-315 

15 

107-3 


20 

102-6 


10 

110-8 

0-358 

15 

«107-3 


20 

102-6 

0-413 

10 

• 110-8 


107-3 


20 

102-6 
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363 - 


■ THE AIE FROIJ BEY COSEEKSEES^ 
Table 7^— {continued). 














864 BVAPopATisa asd coiftj^iisisa appaeatos. 
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Vacuum, 660 xam. Absolute ^pr^suil, 100 mmf^ 

TemperaturS, 62® C, ^ Total heat, c =; 622 oals.*.* 




■■■■■■ 




• 


* 

, Air# 

• 

Initial 

tempera- 

*• 

Final v; 
tempera- 

• 

Weighs 

Tempera- 

■■ 

Weight. : 

Volume. 

Inre. 

ture. 


,ture. 

|»||j|||l^|H 




> 

kil(». 

• 

■9 

kilos. 

Litres. 

30 

62 

2591 

S5 

68'2 

0-648 

7413 




40 

45-P 


9662 


46 

• 3848 

30 

6^5 

0-962 

9393 

It 

n 

n 

86 

^8-2 

* 

• >> 

11005 


1) • 


40 

451 

tf " 

14478 


40 

5820 

30 

68-5 " 

1-455 

14146 




.35 

58*2 


16645 

” 

1) 

ft 

Mt 

45-1 

ft A 

• 21898 

35 

52 

3354 

36 

58-2 

0-839 

9599 




40 

451 


126^ • 




45 

28-6 

1-442 - 

20ffi8 


45 

5770 

35 

58*2 

16502 




40 

• 451 


21709 



- 

O 

45 

28-6 


34946 


40 

35 

58-2 

2-910 

83290 



40 

, 451 


e 43796' 

M 

ft 

• 

46 

28-6 

») 

70297 

40 

6a 

4750 

40 

• 451 * 

1-188 

17879l„ 




45 

28-6 

ft 

28699 

• 


• 

60 

8 


'106540 


46 

11540 

40 

45L 

2-885 

43419 




45 

28-6 


69693 

” 

>» 

ft 

50 

8 


25^727 

46 

52 

8143 

45 

28'6' 

2-036 

49180 

ft • 

n 


50 

8 

» 

>» * 

182108 

60 

52 

— 

V 

> 

•— 

- 

*» M 
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TabiiB 73—(coJiCnwei). 


■Vacuum, 680 mm. 
liimpemtutf, 48° 0. 

* ^ 


Absolute pressure, 80 mm. 

Totd heat, c » 621 oala. c 

f 

. Cooling water. 

' 1 ^ 

• 

^ C ‘ 

Air. f 

( 


Initial 

tempera¬ 

ture. 

t.. 

Pinal 

tempera¬ 

ture. 

Weight. 

kilos. 

( 



WpigltL 

kilos. 


86 * 

48 

m 

45 ' 

8-6 

m 

242247 


40 


36 ; 

38-2 


50769 



‘ 

40 

‘25-\ 


80090 

»» ‘ 


}) 

45 

8.6 

>» 

91895 

40 

48 

BifPl 

40 

25'1 

r7fi 

48561 


” . 


45 

86 

n 

146850 

45 ' 

00 


45“' 

8-6 

4-775 

— 

1 * Vacuum, TOO mm. 

‘ 

Absolute pressure, 60 mm. 

^ temperature, 44 

°c. 


Total heat, c » 619 cals. 

6 

44 

1474 

5 

53-5 

0-369 

4 

. 4149 




10 

50'8 


... 4446 

4 


» 

15 

47-3 

)» 

4863 


‘ 35 

1946 

. 5 

53-5 

0-436 

5465 




10 

50-8 


5816 



33M 

. 15 

47-3 


6405 



5 

63'5 

0-589 

6628 

— 



10 

50-8 


7097 

H 


»» 

15 

47-3 

JJ 

7763 

■B 

44 

1691 

10 

50-8 

0-425 

6121 

■lo 



15 

47'3 


5502 




20 

42-6 


6333 

■H 

36 

2336 

10 

50-8 

0-684 





15 

47-3 


7«97 




420 

42’6 


K29 

»» 

30' 

2946 • 

10 

50-8 

0-736 

8869 
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Table *73— {continmd}. 


* Vacuum, 740 mm. .• 

[^|mperatfire,^^l° 0. 
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» Absolute preslure, 20 mm. 
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D. The Volume of Air to be Exhausted from Surfaoe- 
condensers. 

• 

The cooling water does %ot ootoe in contact l^ith the ^terior of 
eurf^se-condensers, from which the air-pump exhausts; hence the 
air cafried by this water has not in thjp casato be taken away’by the 
pump. In surface-condensers the %ir-;^amp3 have, only to extract 
the air introduced from the liquid to be evaporated or distilled and 
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by leakages in tits apparatus Thy pumps may, therefore, be 
■smaller fos surf^e- ^han for jet-oondenstrs. 

Since there is no ^uperimental guide to^ the quantity of air intro¬ 
duced «by these‘mean j, we o|n only rely ®n the general experienee 
that the volume o( air to be exhausted from sui^acfe-oondqpsers is 
about 0'6 of that fr6m jet-condensers.' The temperatui^ of this air 
is that' of the condenfied liquid after it has been oOoled. If the 
condensed liquid has the temperature which is a few degress 
higher than that of the entering cooling water* t|),6n 'the volume of 
air to be exhausted per 100 kilOs. qi eondeised liquid is: 

. . . ( 262 ) 

These volumes of‘air may be found by multiplying by 0'6 those 
given in Table 73 for dry jet-condensers.. 

. 5oth wet an4 dry aii-pumps may be ifsed,ji' connection with 
surface-condeusers—the former when the fibndensed liquid is to be 
taken togethen with the air, the latter when the distillate is caught 
and carried away qpparately. 

Thfe wet»air-pump of a ,3urfaoe-/3on(leneer has to exhaust, per 100 


kilos, of diatifiate, the volume: 

14, = 100 -e »Ffc litres.(263) 

The dry air-pump has to exhaust the volume: 

. 1^1., = K litres.(264) 





CHAPTER XXIV. 

A FEW REMARKS ON Arf-PfjrP^ AND THE VACUA THEY PRODUCE. 

Thebe are two chief forms of air-punlp used in connection with 
evaporating ajparatua—(A) aii'-pumps with flap-valves; (B) with 
slide-valves. 

s * * 

Afr-pumps with Flap-valves,. 

*• * , 

The valves of these pumps are sheebt of Tubber or metal, which are 
■ opened and clcned by the pressure of the air ivithout tnechanioal aid. 
They are called “ wet" air-pumps if they are tw exhaust the warm 
{condensed) water together with the air.* Since the w^ter can never 
be given as high a velocity in the pump as the air, the'Se»pumps must 
possess much larger valves if fcey are to exhaust water than when 
they extract air only. The speed also should not be very high in the 
former case—about 30-50 revolutions per .minute. There is another 
, reason w^y the speed of wet air-pumps should not be too high—it is 
^■desirablejo expel at each stroke the whole quantity of air brought in 
during that strf'ke, which can only be accomplished when the jir is 
first expelled through the water, vshich must be as ‘quiescent as 
possible, and which is> then itself expelled. If the air and water are 
mixed, which ,is the case when the water is fjj too violent motion it? 
the pump, they are both expelled together through the valve, but only 
a portion of each, and Ahefe remains much air in the cylinder, which 
-condition diminishes the efifleienoy of the text stroke. The larger 
valves and passages of the wet pumps cause them ^o have as a rule 
greater dead spaces than tl»e slide-valve pumps described later. ' We 
shall at once see what influence this has upclh the action ol*the pump. 

When a pump with flap-valves isiised as a dry putnp, i.a, when, 
along with the air, it does not take in'wajer which would fill the dead 
space and to a great extent neutralise its effect, it is advisable to allow a 
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emali regulated quan'tity of cold water or glycerin to enter the pump 
at each stroke apd, be expelled, in order to overcome the dead sface 
(German Pat. No. 24,0^2 of C. Heckman, I^rlin). 

If tk'e water 'whjch, is sucked in is cold and the pump does ndt 
work too rapidly, verpr good results can obtained with Ket air- 
pumps. Vacua of 700-720, or even 730 mm., can be permanently 
maintained in the eVaporatbg apparatus. 

Generally speaking, the flap-valve pumps are less sensitive ’’anS 
less exposed to slight accidents than slide-valve pumps, so that they are 
suitable for small and medium dapaeitiqs. ^hey have the further ad¬ 
vantage, that they can them^lves pump from the well the water for the 
condenser, which it is convenient to attach directly to the pump. Thus 
no special water pump is required, which is neoessarji with dry con¬ 
densers in the great majority of cases.,! This suction of the water from 
a tank or well at a lower l^vel is always permi!isibl_e,>f the water level 
is not mdre than 5 m. below the middle of the pump. It is, however, 
advisable to arpinge, for starting and special requirements, a small cold 
water supply-pipe, whic'n can be used for a short time to commence the 
oondensation,when the apparatus is^firsf set in motion. 


B, Slide-valve Air-pumps. 

In these pumps the ports by which the air enters and leaves are- 
mechanically opened. As a rule they should exhaust no water with« 
the air, and are, therefore, called “dry" pumps. Their dead spaces 
are kmuller, /heir speed can he greater (60-200 revolutions per minute), 
and they are specially suitable 'for large capacities. * They require a. 
^surface- or a dry-condenser (if possible counter-current), and they 
use'-iess power than Wet pumps. But since the dry,(fall-pipej*con¬ 
densers must lie at least 10'2 m. above tl)e water level, they alpiost. 
always require a special yjater pump to removfe the injected water. 

In order to remove the diminution in efficiency produced by the 
dead spaces, WeKner proposed many years ago to equalise the pressure- 
at the devd-point, and qow almost all atr-pumps are provided with 
arrangements,of this kind. 

When the, piston of the ail-pump has nearly reached the dead- 
point, in the small space, in front of the piston there is air at the- 
atmospheric pressure, p„ and in the large space behind the piston,, 
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J + V„ there is air at a very nuich iovrer pressure? At this moment, 
the entrance and exit to the cylinder being closei}, th^ two ends o£*the 
cylinder are pu*^ in comuvinication. After tlie equalisation there is 
oif both sides of Jihe piston •the same pressure; 

P-f^W. ■/ .( 265 ) 

• The communication between the two ends of the cylinder is then 
shut off, the itew ^sttoke begins, and almost at once the suction 
commences. * # 

The details of the arrangements for equalising the pressure are 
different with different makers, and- will not be further considered 
here. % * * 

The question, to what vacuum (to what lowest absolute pressure, 
p^) a vessel can be exhav^tedyis answered in the following manner:— 
A vessel of the Fblm^q Y, is to be exhsfnsted by* a doubip-aotioil 
pump, without equalisation of pressure, wjth a cylinder of volume J; 

• , ■ 

let the ratio, tt = ;8, the original pressure in the vessel => p, and the 

' 4 • , ■ 

pressure after n half-strokes = p„. * ’ » 

This pressure is (after A. v. Ihering, Die Oehlase) : • 


[M , /, 


in which the ratio of the dead spaces t® the volume trdVersed by the- 

* V * 

piston, and 6 = 1 + o(l + e). 

After an mfinjte number of stroke^ the pressure in the vessef is, 
therefore: 

• ’*.(2P7) 

Iflhe pump is provi^ed*with a complete equalisation*of pressure, 
then the pressure in the vessel after n balf-stihkes is: 

P "=+ £ + i(A{\ - f ) + V)}]’ ( 2 ®®> 

in wlMch c = 1 + 2e + c,. After an infinite number of strokes the 
pre88u?e is very nearly 

pe- pe 

“»“ (i'+T)”(i + 2 * + «ij ■■ r +1 ■ rr2f‘+7, ■ 


p, 
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Table 7it. 

The lowest prt3rf3urel,(p„, which can be reached by air-pumps, with 
and withoT^t complete equalisation ot ^pressure, at proportions,of 

. * • y ‘ 

the dead space, « = j, from^O'Ol^- (i'20. 
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o ^ 
a ^ 
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S" 

•S3 
.2 > 

« 2 

t. 

• 
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• • 

1 
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of pressure. 

► 
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• sq. cm. 

a 
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a t-* 

P 
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li 
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u 

. A ■ 

!>«• 

as 

3S 

X 0 

*0 3 

S 9 

05 9 

«a > 

760-6«. 

0-01 

0-010233. 

« i 

7-521 752-5 

0-0001003 

« 

0-074 

759-9 

0-0098 

O-Off 

0-920266 

14-91. 

745-1 

0-600388 

0-285 

759-7 

0-0191 

003 

0-030105 

22-15 

727-9 

0-000626 

0-620 

759-38 

0-0280 

004 

0-03975 

29-23 

730-8 

0-00143 

1-050 

759 


.0-05 

0-049/)4 

36-2 

723-8 

1)00216 

1-622 

758-38 

0-0448 

OOB* 

0-05851 

43-2 

716-8 

0'00309 

2-281 

757-72 

0-0528 

0-07 

0-06761 

49-72 

710-3 

0-00409 

3-013 

757 

BliWiSlI 

0-08 

0-07b55 

56-3 

703-7 

0-00521 

3-834 

756->7 

0-0681 

009 

0-08534 

62-75 

697-2 

0-00643 

4-722 

755*28 

imwiHii 

010 

0-0939 

69-0 

691 

0-00773 

5-678 

754*43 

0-0828 

O'll 

0-1024 

75-3 

684-7 

0-00912 

6-707 

753-3 

0-0891 

0125 

0-1148 

84-4 

676-6 

0-01133 

8-39 

751-67 

0-0987 

0T35 

0-1229 

91-2 

668-8 

0-01290 . 

9-576 

750-42 

0-1051 

0'150 

0-1348 

rn 


0-01537 

11-4 

748-2 

0-1140 

(fl65 

0-1464 

107-6 

652-4 

0-01796 

13-20 ' 

746-8 

tl-1227 

0-175 

0-3539 

113-2 

646-8 

0-01985 

14-60 

745-2 

0-1290 

0-185 

0-1614 

118-6 

641-4 

0-02156 > 

15-84 

744-2 

0-1336 

0-200 

0-1723 

IfiT" 

633 

0-02435 

17-95 

742-05 

0-1413 


In order to obtain q representation of the effect of the dqad spaces 
and of the equalisation of pressure. Table 74 has been drawn up. It 
gives, by moans of eqrfetion V269), the final pressure obtained after 
an infinite numfeer of strdlies in a vessel, in which the pressure was 
originally p, for pumps with and without the equalisation of pressure, 
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TarioQB dimensions are assumed for the dead space's (c O'Ol - 0’20) 
•Dd for the ratio of the volume of the equalieing.cjjianBel to <the 

volume traversed by the pidton—= -j*,- O-OhJ. 

This Tabj^ 74 shows the'great extent to ^hioh the injuriqus 
action of the dead spiv^es is rednoed by thq equalisation of pressure, 
6 '^ •when it ,is not equite complete, which would be the case in 
practice. It aBo ^<fws what vacua can theoretically be obtained 
with dry air-pumps under ^Bjious conditions.* 



CHAn;pR,xx’v. 

THE VOLUMETRIC EPPICIENCY OP AIR-PUMPS. 
(See A. V. Iherm*g, Z>ic Gebl&se.) 

t 

A. Air-pumps,without'Equalisation of Pressure. 


"When the piston roaches the end of its stnoke, after the air has been 
expelled there renfains in a small portion of the cylinder—the dead 
space—the volume, F„ at the pressure of the atmosphere, p. As 
soon as the^piston recede!., this volume, P,. expands, and continues to 
expand until,its pressure is' equal ti) that in the vessel to be evacuated, 
p,. Let tile space through which the piston has then travelled = V,. 
(These conditions are t)ic same both for air-pumps, which are to 
create'or niain|;ain the very small pressure, p^, in a vessel and which 
expel the exhausted air Into the atmosphere at the pressute,* p, and 
also for compressors, which press the air from the atmosphere? wherei 
the pressure is p„, into a vessel, in which the pressure,*)9,> is to he 
ms«itaine(y 

Air is warmed by compression; this is the case when air at a 
very small absolute pressure (a partial vacuum) is brought to the 
preesure of the atmosphere, just as when air at atmospheric pfbssure 
is compressed. , , 

Let the temperature of the compressed dir be T, its temperature 
after expansion to the pressure, pj, be then by Mariotte's law 


rn “ m • 


whence 


u 


V,p 
‘t ' 




V, 


(270) 


( 271 ) 
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• ' j. 

If V, is the volume thjough which the piston travels whilst 
nfiausting, and J the total volume it describes, th^i^ 

/ - F, = F.. * 


Tl^efore < 


and since F,*»= cJ 


, F. = J 

- ' Po 

UJp . 

It ^ f;n 


F. = J - 


. Po 


(272) 


(273) 


The ratio o^the volume dm’lng exhiinstion, F, (the useful work), 
to the whole volume of the stroke, J, i.e., the volumetric efficiency, 
is, therefore, ' ! 





This is the volumetric efficiency for the condition that the heat 
produced in compression is iu no way lost. This is called adiabutic 
compression. , 

Froi^i this equation we see that thS volumetr'c efficiency is 
greater 

• 1. Th* smaller the dead space, e. 

2. The lower the* ratio of the pressure of compression ta the 
pressure of the*exhausted air {i.e., iTi compressors, the lower the air 
pressure to be attained; in vacuum pumps, t(>e smaller is the vacuum 
to b^produced). ^ 

. The higher the teijperature of the compressed air and the 
lower that of the exhausted air {i.e., the ^greater the difference in 
temperature between exhausted and compressed air). 

Thus in order to obtain high volumetric efficiency artificial cogling 
during j 20 mpression is not Sdvanta’geous, but is advantageous during 
the period of expansion. t , 

"Ae cooling may be effected by ui4ans cf a jacket or by injecting 
water; the latter is more effective, but necessitates a-slower speed and 
readily causes fouling. 
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' If complete coolin’g ^ere attained, scthat the m was at a wnstot 
temp'rature-duqng the.whole operation, then T=T^ and the effioie f 
equation would be ^ 

Compression under these condition^ is called tsother^ai. 

Generally complete cooling is not obtained, aUhough ^ *®“P*®*^ » 
made- a condition occurs which is a mean betw.sn comlilete ooohng 
and absence of cooling, vyhich is known « polytropic eompresaon^ 
The useful work may then be expr&sefi as the mean of the results 
equations (275) and (276):-'- » 

Now in determining tiie useful work in anabatic compression tte 
tem^raVares Tabd T, are not known; if ^lle u^ful work is to be 
oalcdated these factors musWbe replaced by others whi^ are known. 
This is effected by means of Poisson's law (the so^alled ® 

Mariotte’s law), by'whichcthe pressures may be put m place of the 

temperatures >— ^ 

. . . (279) 

. . . *(279) 

• • 

, (280f 


•S’o 

T 


(h\ * 

‘ Vpj p\vJ 


(n which 


or 


_ 02^51 
,7 0-16847° 

i = 0-7092 


: 1-41 


cr, is the specific heat of air St constant pressure = 0-2376. 

„ is the specific hea^t of ah at constant volume - 016847. 

»these values be inserted in equation (275), we obtain an eqifetion 
for the adi^atk efficiency, from which, numerical results ca, be 

obtained:— . 

B. Air-pumps, wit)y Equalisation of Pressure. 

When the piston reaches the end of its stroke, the condition of 
the idr fa the dead space before the equaUsation of pressure, assuming 
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3«Q 


th&< Ae equalising channel, V„ is always in oommunioation with the 
air, is;— j ’ ’ ' 

- (iS82) 


in the other^nd larger sjacc the Condition is 


J+V. 




■Po 


(283) 


After the equHlisatioiv of pressure has taken place the condition 
■r+2F.+ J S p,.(284) 

and since the conditions beforehand after equalisation must be 
equal;— , ■ _ 

Yl±J‘J+ = l±ELtlar,' 

Y ^ ^ To 


T. 


Pr 


( 


F F. 


V + 


' + \rr, 

■‘O / _ 


or - 'J + 2F+‘7. 

If we put 7, - t/ and 7„ -=,€.J and eliminate J, then 

A* + Op , (1 + «)Po ')m 


(285) 

(286) 


or 


1 +-^* + *fl. 

At + O P , LLA-p 
). \ -T--v^.T,r- 
1 + g« + 


. (287) 


•P, 

To 


• • C.’ 


(288) 


In isothermal oompsession, in which all the temperatures remain 
oonetant, T 8“^ 

- (t + 0“ "b (1^ *1* *) 

.(289) 

1 + 2c + «, 

In finding the equation for the adiahatic oompi^ssion (?91),it is 
permissible to put T, = r^I^whioh’is Mt oojrect, but oausas only an 
inconeiderable error. Equation (288|ftihen becomes 


Po 1 + 2e + J, 

25 


( 290 ) 
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Table 76. Part I. a 

f , j 1 -t T' I ,. 1 t Pt pr68sur0 &ft6r doti&iiis&tioxi 

The isothermal i«ria adiahatic values of - = 
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II 
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a. 



Pi, 
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2 

2-6 

8 
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4-11 

001 

i 

1-001 

1-011 

1-0’,4 

1-036 

1-048 

1-060 

1-075 


a 

1-006 

1-012 

1-019 

i-026 

1-032 

1-038 

1-046 

OOP 

i 

1-002 

1-016 

1-033 

1-049 

145^ 

1-083 

1-106 


a« 

1-000 

1-016 

1-018 

1-025 

1-034 

1-041 

1-052 

003 


1-003 

1-020 

1-042 

1-063 

1-083 

1-105 

1-130 


a 

0-968 

1-000 

1-012 

1-023 

1-035 

1-046 

1-058 

0-04 


1-004 

1-026 

1050 

1-075 

1-100 

1-125 

1-165 


a 

0-980 

0-999 

1-009 

1-023 

1-036 

1-048 

1-063 

005 

i 

1-005^ 

1-029 

1-058 

1-087 

1-116 

1-143 

l-18i 


a 

0-972 

0-986 

1-005 

1-020 

1-037 

1-051 

1-068 

006 

i 

1-006 

1-033 

1-066 

1-099 

1-132 

1-165 

1-209 


a 

0-966 

-0-986 

1-005 

1-025 

1-038 

1-064 

1-074 

007 

i 

1-007 

1-037 

1-076 

1-111 

1-144 

1-174 

1-237 


a 

0-953 

0-960 

0-999 

1-019 

1-039 

1-065 

1-077 

OOC 

J' 

1-008 

1-043 

1-088 

1-121 

1-160 

1-200 

1-259 


a 

0-950 

0-971 

0-993 

1-017 

1-040 

1-069 

1-085 

009 

% 

0-940 

1-044 

1-091 

1-140 

1-176 

1-230 

1-273 


a 

1-099 

0-968 

0-990 

1'017 1 

1 

1-040 

,1-062 

l‘ti96 

010 

% 

1-010 

1-048 

1-095 

1-156 

1-189 

1-260 

1-837 


a 

0-936 

0-960 

0-976 

1-015 

1-042 

1-065 

1-093 

0-126 

■ % 

1-012 

1-053 

1-115 

1-169 

1-280 

1-280 

1-370 


a , 

0-920 

0-945 

0-982 

1-015 

1-046 

1-073 

1-103 

O-IoO 

i 

'1-015 

1-062 

1-126 

1-188 

1-266 

1-813 

1-400 


' a 

0-90S 

o-a2 

0-979 

1-011 

1-046 

1077 

1-112 

0-176 

it 

1-017' 

1-070 

1-139 

1-200 

1-286 

1-350 

1-483 


a ^ 

0-892 

a,928' 

'0-970 

1-009 

1-047 

1-080 

1-113 

0-200 

i 

1-090 

1-079 

1-152 

1-228 

1-300 

1-380 

1-472 


, a 

0-879 

0-9Q5 

0-972 

l-00» 

1-048 

1-086 

,1-126 
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*TXbi:B 75. Pabt I. 


and the Tolumetric efficiency, ^ti for air-pampai compi;‘3Bsors, 
with and without equalisation of pressure, ^ith dead spaces, e, from 
batic compre^sicn. e, i#taken at 0’016. * 
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Table 76. PAE^rll. 


HI 

m 

1 

** C ‘ 

iBofcbena&l, 

i. 

Adiabatic, 

a» 

0 = without equalisation of piesaute. 
ID ■> with equalisajdon of pressure. 
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‘ TO 

0 

TO ' 

( 0 


Vaouum fn ni 

a. of merourjo 

70 

' ® ' J 

380 ^ „ 

p pieBf'ire of atmoiphera 

p^ preasureTm evacuated vessel 

1-1 

ga 

• 1-6 

1-5 

2 

2 

Volumetric efficiency, x« of fur-pumps and com- 

O'Ol 

i 

0-999 

0-999 

• 0-995 

0-999 

0-990 

0-999 


a. 

0-999 

0-999 

0-997 

,0-999 

0-993 

0-999 

■002 

i 

0-998 

0-999 

0-990, 

9-999 

0-980 

0-999 


a 4 

0-998 

0-999 

0-994 

0-999 

0-987 

0-999 

0-08 

i 

0-997 

0-999 

0-995 

0-999 

0-970 

0-999 


a 

0-997 

0-997 

0-990 

0-999 

0-981 

0-999 

004 

i i 

0-996 

0-999 

0«80 

0-999 

0-960 

0-998 


M 

0-997' 

0-999' 

0-987 

1-012 

0-975 

0-993 

0-05 

i 

0-995 

0-999 

0-975 

0-999 

0-950 

0-997 

. 

a 

0-996 

0-999 

0-984 

0-999 

0-967 

0-999 ■ 

006 

V 

0-994 

0-999 

0-970 

0-998 

0-940 

0-996 


a 

0-99S 

0-999 

0-980 

0-999 

0-962 

«0-&99 

0-07 

i 

0-998 

0-999 

0-965 

0-998 

0-930 

0:996 


a 

0-995 

0-999 

0-977 

0-999 

0-966 

0-999 

00^ 

i 

0-992 

0-999 

0-960 

0-997 

0-920 

0-993 


0 

• a 

0-994 

0-999 

0-978 

0-999 

<0-950 

0-999 

009 

i 

0-991 

0-999 

0-965 

0596 

0-910 

0-992 


a 

0-994 

0,-999 

0-970 

0-999 

0-943 

0-999 

010 

i 

0-990 

0-999 

0-950 

0-995 

0-900 

0-991 


a 

0998 

0-999 

0-96f 

0-999 

t)-937 

O-903 

1-125 

i 

0'968 

0-998 

0-937 

0-993 

0-876 

0-986 


a 

0-991 

0-999 

0-959 

0-999 

0-916 

0-999 

0-160 J 

i a 

0-985 

0-998 

0-926 

0-991 

0-850 

0-981 


t a ‘‘ 

0-990 

i9-999 

0-9S0 

0-999 

0-905 

0-999 

0-176 

i 

0-983 

li-997 

0-912 

0-988 

0-828 

b-977 

■ f • 

t 

a 

0-987 

0-999 

0-942 

0-999 

0-880 

0-899 


% 

0-9fi0. 

O'Oje 

0-900 

0-999 

0-820 

0-999 

* 

a a 

0-986 

' 0-999 

0-934 

0-985 

0-874 

■0-975: 
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Table 75. ,Part II. 



0 = mthout equalisation of pressure. 
m « With equalisation of pressure. , 

« > 



“ '.1 

0 , 

m 1 

0 1 

" • 1 
m 1 

0 

m 


•1 



1 • 1 




T-^ 

Vacuum in mm. of mercury. 

■ 

V 

456 ^ 

j • 1 

• 507 1 

64S 

1 

580 1 

„ pressure in coftHfeBsion vessel 





pressure of the atmosphere 






2-5 1 

2-6 1 

3 

« .1 


3-5 j 

4-1] 

4*11 


« 

« 


0-985 

0-999 


Kli 


■ 



0-991 

0-999*- 

.0-9*9 



0-999 1 


■!£gl9l 

0-970 

0-999 

dMI 

0-998 


lIBBSal 


0-998 1 

6-982 

0-999 

0-977 , 






0-955 

0-9^8 

0-940 

0-998 

0-925 

•0-997 


0-996 

0-973 

0-999 

0-905 

0-999 

0-958 

0-8*9 

0-949 

0-998 

<0-940 

0-997 

0-920 

EesS 

0-900 

0-995 

il%76 

mmt 

0-964 

0-999 

0-953 

0-999 

0-944 

0-999 

'0V32 

0-998 

0-925 

0-996 

0-900 

0-994 

0-875. 

0-993 

0-844 

0-991 

0-954 

0-999 

•0-941 

0-999 

0-929 

0-999 


C-998 

0-9t0i 

0-99t 

0-883 

0-992 

0-850. 

0-991 



0-945*, 

0-999 

0-930 

0-999 

0-915 

0-998 


jEp3| 

0-895 

0-992 

0-860 

0-991 

0-825 

0-989 



0-93&* 

r 0-999 

0-912 

0-997. 

0-900 

0-997 

0-881 

lEp!3| 

0-880 

0-991 

• 0840 

0-988 

0-780 

0-984 

0*1^1 


0-927 

0-969 

0-906 

0-998 

•0-886 

0-997 



0-865 

0-998 

0'820 

0-98,5 

MtJftU 

■iBiaw 



0-817 

0-999 

0-894 

0-998 

(5-872 

49-997 

0-847 

e-995 1 

(V850 

0-985 

0-800. 

0-981 

0-750 

0-974 


PI 

0-909 

0-999 

0 -8*2 

0-998 

0-857 

, 0-996 

EE ^ 

m 

0-812 

0-980 

0-750 

0-971 

0-688 



0-954 

0-884 

0-999 

0-853 

0-996 

0-822 

0-995, 

J 0-827. 

0-^92 

0-775 

0-973 

0-700 

.0-962. 

0-625 




0-868 

0-999 

0-823 

0-996 



0-785 

0-989 

0*738 

0-965 

0-650 

0-951 

0-563 

0-938 

e-456 

. 0-926 

0-838 

0-999 

0-794 

0-968 

,0-750 

MlBHa 

•0-742 

0-985 

0-700 

0-999 

0-600 


0-5P0 

0-924, 

0-378 

0-983 

0-814 

0-955 

0-765 

i 0-994 

1 

0-714 

• 

0-989 

0-656 

• 

, 0-906 
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t 

TABtiB 75. Part II.— (contimed).t 


, o = without equalisation of pressure, 
m = with equalisation'of pressure. 


Iso- 

Deacl thermal, 
space. , t. 





_p _ pres^Are of Che atmosphere 
Pu pressure in evacuated vessel 


6-38 6-83 


Volumetric (iffioiency, xn of airjumps and com- 


0-96310-99910-9561 O>099 0-947 0-999 0-934 0 998 
0-977 0-999 0-973 0-9t)9 0 968 0-999 
0-912 0-997 0-893 tf-997 0 868 0-996 
0-954 0-999 0-947 0 999 0 936 0 999 
0-994 Q-840 0-993- 0 802 0 992 
0-998 0-920 0-998 0 904 0 997 
0-994 0-787 0-990 0-736 0-98? 
0-997 0-583 0-997 0 872 0 996 
0-983 0-734 0 984 0-670 0 987 
0*997 0-866 0-996 0-840 0 995' 


0-820 0-094 


0-983 0-680 0-879 
0-996 0-839 0-994 
0-978 0-627' 

0-993 0-812 
0-972 0-574 
0-993 
0-967 

0-99210-76010-990 



0-620 0-965 0-562 0 959 
0-800 0-963 0-770 0 990 
0-533 0-541 0-463 0-949 
0-748 0-989 0-716 0-986 
0439 0-928 0-343 0 923 
0-6^8 0-986 01655' 0-982 
0-344 0-909 0«34 0-906 
0-650 0-9^1 0-600 0-976 
0-262 0-978 
0-S98 0-888 



0-604 0975 
0-808V 0-992 
0-538 0-966 
0-776 Jo-989 
0-472 0-958 
0-744 0-989 
0-406 0-948 
0-712 0-^87 

0-340 0-938 
0-680 0-986 
0-175 0-916 
0-600 0-976 
0-010 0-887 
0-520 .0-971 

- 0-840 
0-440 0'962 

- 0-954 
0-360 0-598 
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EFflCTOOT OF AIE-PIJMPS. 

« 

Table 75. Past II. — {continued). 


0 = without equalisation of pressure. 
m = with equalisation of pressVlte. * • 


• 0 

m 

n 

■a 

B 

B 

B 

*» 

" J 

m 

% 

• 

Y^uum in mm. of mercury. 




680 * 

700 

720 

• 

imm 

■BH 

JreBBure ij^oomprefsion vessel 






piq^ssure oi atmosphere 






9.6 

9-6 


m 

19 


•86 

86 

76-0 

75-0 


pressors with and without equalisation of pre'esure. 


0-916 

0-998 

0%83 

0-997 

0-820 

0-996 

0 -6S0 

0-992 

msi 

0-982 

. 0-961 

0-999 

0-953 

0-999 


.0-999 

0-883 

0-998 

— 

0-997 

0-830 

0-994 

0-767 

0-393 

0-640 

0-987 

0'300 

0-917 

— 

0-950 

0-922 

0-999 

0-^(7 

0-999 


0-998 

ti-767 

0*995 


0*991 

0-746 

0-989 

0-640 

0-987 

iCrA 

0-978 

— 

p-957* 


0-936 

. 0-882 

0-997 

a-850 

0-996- 

IBTfttj 

0-99^ 

0 -6§0 

0-991. 

• 

0-984 

0-660 

0-983 

0-534 

0-970 


0-964 

— 

0-932 

— 

0-849 

0-853 

0-996 

0-800 

0-994 

Mr*! 

0-993 

0-533 

”0-980 


0-974 

0’S75 

0-976 

0-417 

0-967 

ianii 

0-953’ 

— 

0-890. 

— 

0-780 

0-804 

0-993 

0-750 

0-991 


0-989 

0-416 

0-979 

9 

0-963 

0-490 

0-968 

0-300* 

0-954 


0-941 

_ 

0-862 

___ 

0'ft)3 

0-765 

0-997 

0-700 

0-988 

0-580 

0-985 

0-299 

0-977 

— 

0-951 

0-405 

0-957 

0-183 

0-941 

— 

0-928 

• - 

0-821 

— 

0-612 

0-724 

»988 

0650 

0-985 

0-510 

0-981 

0-182 

0-962 

— 

0-937 

,0-310 

0.3^4 

0-068 

0-924 

— 

0-917 

— 

0-776 

— 

0-516 

0-686 

t)-986 

0-60p 

0-981 

0-440. 

0-979 

0-045 

0-955 

L - 

Q-923 

0-235 

0-934 


t)-909 

— 

Ct859 

— 

0-784 

* __ 

0-411 

0-647 

0-983 

0-550 

0-967 

0-370 

0-970 


0-949 

— 

0-903 

0-13D 

0-920 


0-886 


0-830 

• 

0-669 


e-290 

0-607 

0-980 

0-500 

0-970 

0-300 

0-963 

— 

0-937 

— 

0-885 

• 

0-883 

— 

0-ask 

— 

lUffelil 

— 

0-520 

— 

— 

0-509 

0-971 

0-377 

0-968 

0-118 

0-945 


0-908 

— 

0-835 

_ 

0-841 

— 

0-771 

— 

0-673 

— 

0*338 

• — 

— 

0-410 

0-960 

0-246 

0-948 

— 

0-925 

— 

0-i76 


0;780 

_ 

0-792 

— 

0-712 

— 

0-552 

— 

*0-167 

T* 

. 

0-330 

0-940 

0-130 

0-935 

— 

0-898 

t 

0-848 

— 

0-720 


0-934 

— 

0-909 

— 


— 

t 


• - 

o 1 

0-642 

— 

0-445 

— 

^0*259 

V 

O- 8 OS 

• 

— 

0-652 


0-652 
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oe, applying Poisson’s law, 


*0 ^ + 2€ + «„ ' 


. . {291)» 


After equalisation has taken place, the equalising ohahnel at the 
piston end of the oyliader is Closed, and the pirfboif^n returning mast* 
pass through the space, 7„ in order to reduce the,Kpress'’,re, p„ pxist- 
ng after the equalisation to that to be attained, pf When this is 
the case, the exhaustion begins, therefore, 

^-V. T". <- K. .. . v.h 

•Tn rp To‘“IT T 


or 


T^JJo 


- ,y ^ ylh _ lY 

The isothermal vAlumetric 'efficiency is, tpnce T. - Xt, 
V. 

J ' 'Ws 




or, inserting the Ulue of ^ from equation (269), 

®o^ f. 


„= 1 - «L *■ 1 + 2« + c„ J ■ 


XrL. 

‘The adiabatic volumetrio effiorsnoy is 
F 

X» = 1 ~ 7*' ■= 1 


(11-) 
-#>} ■ • • 


(292) 

f 

j;ao3) 
' » 

''(294) 

(295) 


or, inserting the value of ^ from equation (291), 
Po • 

1 1 


X«»i" 


1 - 




(296) 


1 2€^+ 

All these equations, which appear more unwieldy than they rea% 
are, are calculated out in Table 76,for many oases, indeed for most 
ordinary cases. 




ESFIOlf SDT-OF AIE-F&MBS. 893 

In the first place will be found the values of calculated by 

' * 

means of equations (2^) and (291) for mOst degrees of evacuation 
•and compression. The* isothermal and ad;abati6 volnmotric effl- 
«enoi<j8 can then readilv be determined by the aid of equations (298) 
and (296). • The calculated values of these efficiencies are given in the 
second partCof Table *75, tcfgether with those* for pumps without 
Equalisation of pressure (equations (276) and (281)), so that all cal- 
onlabie effioiShsiqg Daay be examined together, which was the purpose 
of this table. From this om/iparispn U may be seen that the volumetric 
efficiency is the greatest when no heai i^ taken from the air-pump, 
and that the cooling of the cylinder of the air-pump, when only the 
volumetric effed is in contemplation, is rather injurious than useful. 
But all these figures do not quitfi represent actual practice, for, whether 
artificial oooling^is applied or not, a oer^in and. not inappreciable 
cooling takas place’throiigh the metal walls. The so-called polytropic 
■compression then occurs,^ which is approximately vepresented by 
taking for each case the mean between completely cooled and nn- 
oooled air-pumps. This assumpt.on ooriu^ponds best tcf the reality, 
*ild in most ordinary casjes the ditferenoe is not very great. 



CHAPTEE XXVfr 

DETERMINATION OF THE J/(5LUMB OF AIB, V,, WHICH MUST BE 
EXHAUSTED FROM A VESsiu CONTAINING THE VOLUME 
V„ AT THE PRESSURE y., IN oiiDER TO REAOR THE LOWER 
PRESSURE, j),. 

(AiteivP. J. Wejea, Z«*(s. d. 7. d. Ing.rim, #6.) 

, t * 

Sometimes it is required to I 5 UOW how large an air-pump must be in 
order to exhaust a vessel of known capacify in a defiiSte time down • 
to a certain degree Zf vacuum, or the reverse; in what time a certain 
vessel can be exhausted dowli to a certain v^uum by means of tin 
pump provided. 

rLet F, = the volume of the vessel' in litres. , 

' J = the useful volume of the air-pump in litres. 
p, = the initial pressure in the vessel in atmos. 
p, = the final pressure in the vessel in atmos, 

V, = the volume in litres which must be exhausts^ in order 
to rrfuce th^ pressure from p. to p,'. 

If the pressure in the vessel lifter the 

1" ^ ,3”* n“ single stroke 

is Pi Ps Pa P. atmos. 

then ' , 

7 ' 

+.J) = pX. therefore p, - P.f^ .(297) 

• Vj(^„+ d) = Pf7, ^ . pj=.pj^£-^-p,(^^)* (298) 

Pi ”( 7 , + . 1 ) 

fMfhJ ■'■■ ■» 





s * 

THB VOHDMit^ B*! EXHAtjSTBO. 

89& 

or 

- p. '( nV 

. (801) 




whence 

p* * 

y . 

. (302) 


• 10?^ • 



* ir f 1)6 exptincled in a binomial series and the higher powers 

• 

J ^ • • 

d w aegleoted because of their s^allpeaa, then 



. (303> 


or: 


= log(l Vy;) -*• • •. 

• • 

If now log ’p ^ be aKpanded in a* series and higlfer powers 

neglected, we obtain 

. 

When this value is inserted in equation (302) w 3 have: 


» = 



(306) 


or nJ ^vl- log .(307) 

Now nJ is Ae total volume, which is to be exhausted from the 
vessel i.e., through which liie piston has to run, in order to reduce 
the,contents from the pressure to the pressufs p„ therefore 


"■'-V''4‘"S0.•<*« 

j>,ii iffsys less than p„ therefore log j is ^always qegativd, And 

Pt 

consequently - log ~ always positive. 









KVAPOEATIKQ AND 'iOOI#D5ft(SI»a APFABAIUti. 


TABLE V6. 


Exkmples of tJie volume, 7„ in Uties, whicjb must be exbausted tom 
vessels containing V, = pOO to 4,500 litres of air, in order to reduBe 
the'ori^nal Internal pressure p. = 1 atmos.'abs. (76^ mm, of 
mercury) to O-S-0-01 atmos. abs. (vacua of 76 to 754'4 mm.). 


The pressure in 
the vessel is to 
be diminished 
from the 
atmospheric , 
p^issurepato 

the abs. i i.e.f ti^ 
pressure vacuum 
P. Of 


atmos. I mm.' 


14 6 16 7 8 , 9 1. 10 VI 12 

— -!-.- — -- 

If the oriRinal prSssura of the atmos. abs. in a vessel of 
the' capacity 7, is to be brought to the lower 
presture p, atmos., the air-pump has to 
exiiausl the following^volames, 

> Fi, in litres. 

t Capacity of th(fve8ssl,<i7„ in litres. 

• * 

--- "7- I ? 

500 1000 1600 2000 2500 3000 j 3600 4000 j iS0O‘ 
• Volwne to be ^yhausted, 7i, in litres. * 
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THE VOHCMSJM) B® exhausted. 

i.e., if (he abaolut% pressure in the missel at the begin- 
idng*is 1 atmos., then log => 0, and the. expreEipiofl beco^pes 
^ 1 ^ 7, (-log p.), which ts always positwe ^Inoe p, must be less 

TablbJS has*be«n calcn(ated by means of this formula. It gives 
immediately the volume, 7„'wTiioh must bh exhausted from vessels 
of 7, = 500 to f,500 li|»BS eapaoity, in order W rdliuoeethe contents from 
the absolute pleasure of 1 atmos. to the desired lower pressure, p,. 
The nulhber of'tWjes required for this purpose is obtained from the 
dimensions of the pump. If the,tim^ ba given in which the desired 
effect is to be produced, the dimensions fiaj^ readily be found. The 
table shows at once that almost as many strokes (or as much tiipe) are 
required to reduSe the pressure of 1 atmos. down to O'l atmos., 
as O’l to O'Ol atmos. 

If it is required^ red]|oe the pressure in j, vessel ^m p„, whjph _ 
is lower than 1 atmos., to the still lower pressure p„ in cjrder to find 
*^0 volume of air to be exhaij^ted in that o&se, it is (Inly necessary to 
aubtraot the volume, which must be exhausted in order to reduce the 
pressure from 1 to p„, from thak required to_ teduoe the pressure from 

/ItoV 

A ve^iel of the oapSoity of 7, = 2,000 litres, in which 
dtoolata pressure p, ^ 1 atmos., is to be evacuated down to 0*2 atmos. 

Tahlj 76, oolumii 7, line 9 shows that 3,220 litres^ must be exhausted for this 
^^rpoee. • , ' 

a (h) The pressure in a vessel of the capacity, 7g .. 2,000 litres is 0*5 atmos.; it 

l,e redySSd tc 0*2 atmos. What volume must be exhausted ? 

From Table 76, '*olujaB‘7, line 9 it is Seen thft, in order to redi^ the p»ss-< 
sure in the vessel fvm 1 atmos. to 0*2 atmee., 3,220 litres must be bxhausted, 
wd oolnmn 7, line 6, shows that 1,886 litres must be exhausted in order to 
radooa the pressure in the vessel from 1 atmoa Ao 0*5 atmos. 

Thiu, to reduce the pressure in the vessel from 0*S to 0*2 atmos., 3,220 — 
1,398 m 1,884 litres must be pumped out, whence the dimensions of ^he air-pump 
can be determined. 
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EVAPO,HATING AND' 'OOVDi,N8lKG’ APPABATtfS. 


APPENDIX. 

METRIC CONVERSION MAGBAMS. 

I^COI YEIJHT.] 

To fanilitate the use of this book by designers working in British 
■units, the following diagrams liave been prepared. 

Taking the first three diagrams, we read the metric unit on the 
bottom or top s'lale as the case may be, a.:d rpc, up vertically unl^ 
the diagonal line is reached; we then run horizontally to the right or j 
left and read off the result on the Briti^ scale. , . 

To convert 5 kilos, for example, into lb, we find 6 on the bottom 
scale of diagram 1, run gp vertioall} to the diagonal line and^then 
move horizontally to the right, reading 11^1 lb. ■' 

To convert 6 sq. mstres to sq,,feet, we take the point 6 on ' 
top scale of diagram 2, run down vertically until we meet the diagonal 
and then run-out horizontally to the left, reading 64'6 sq. feej, 

In diagram 4 we read litres on the bottom scale and run up to the 
■diagonal, then moving horizontally to either side according as ou6. 
feet or gallons are required. Tl^is diagram majr be use{S!"‘to convert 
cub. feet tb gallons direct by gunning straight acroaj*. 

In diagram 5, we read mm. of mercury on the left and run right 
acpss to convert to lb. peiv sq. inch and down vertically %>m the 
intersection with tie diagonal to read atmospheies. For higher 
pressures the same diagram may be uoed_ by shifting the lisoimil,^ 
point. 




INDEX. 


jKoetic acid, S». 

Aki, coding by, 283. 

-water, 886. 

— -i. water hy, 821. 

— in steam, M. y 

— pipe^ 173,176. 

— ~ diameter of, 226. 

— pomps, 209,341, 378, 396. " 

— — emciency of, S2» '■ 

Alcohol, 69. " * ' 

— ri^at in pipes, 170,172, iVl 

0 


JKBda Is ^p«s, 180. 

j^^dj^ints in evaporating liquids, 74. 

»« ooCMO, 89. o' 

Mbblet M liquid, 166. 
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